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Thesis Summary 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the most 

prevalent form of dementia. Over 50 genetic susceptibility loci have been identified 

for late onset AD, including coding variants in the ABI3 and TREM2 genes. The ABI3 

protein is known to interact with the WAVE regulatory complex (WRC) which 

regulates actin cytoskeletal dynamics. By contrast, TREM2 is a membrane receptor, 

expressed by myeloid cells including microglia, that regulates many cellular functions 

including inflammatory responses and cytoskeletal remodelling. While genetic 

variants of ABI3 and TREM2 contribute to the genetic risk of AD, little is known about 

the function of these genes in microglia. Elucidating the interactome of these 

proteins provides a mechanistic insight into their role in microglia and can be used to 

explore the functional consequences of AD-associated genetic coding variants on 

molecular interactions. 

The proximity labelling technique BioID was used to determine the protein-protein 

interactions of Abi3, Abi3-S212F (mouse equivalent of the human risk variant 

p.S209F) and Trem2 in mouse BV2 microglia-like cells. Abi3 was found to interact 

with the WRC components Wasf2 and Cyfip1, demonstrating the efficacy of BioID for 

detecting interacting proteins. Several novel interactors, including the centrosomal 

protein Cep170, were also identified as components of the Abi3 interactome. Abi3-

S212F interacted with several proteins found in the Abi3 interactome in addition to 

several unique interactors that were not associated with wild type Abi3. Quantitative 

differences were observed between shared components of the Abi3 and Abi3-S212F 

interactomes, potentially suggesting that Abi3-S212F may be more tightly associated 

with the WRC. Trem2 interactors mostly consisted of secretory and endosomal 

pathway proteins suggesting the life cycle of Trem2 from the endoplasmic 

reticulum/Golgi to the plasma membrane and receptor internalisation and recycling 

was captured. The data presented herein define the first protein interactomes for 

Abi3, Abi3-S212F, and Trem2 in disease-relevant cells, contributing to our 

understanding of the molecular mechanism of AD risk.  
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Chapter 1 – General Introduction 

1.1 Alzheimer’s Disease 

In 1906, Alois Alzheimer presented the case of a 50-year-old woman with symptoms 

which included memory disturbances, paranoia, aggression, and confusion to the 

37th meeting of South-West German Psychiatrists. He reported “A peculiar severe 

disease process of the cerebral cortex” which was later named ‘Alzheimer’s Disease’ 

(AD) (Hippius and Neundörfer, 2003). Today, AD is the most common form of 

dementia and affects 850,000 people in the UK, including 1 in 14 people over the 

age of 65. By 2050, this figure is expected to rise to 2 million (Prince et al., 2014). 

Globally, 50 million people are estimated to be living with AD, including 5.2% of the 

population over 60. This is estimated to increase by 204% to 152 million by 2050, 

with low income countries most affected (an estimated increase of 264%) (World 

Health Organisation, 2019, Prince et al., 2015). In 2017, AD was the leading cause 

of death for women in the UK, and the second leading cause for men. As a 

percentage of total deaths in the UK, deaths due to AD have been increasing since 

2005, whereas deaths due to ischemic heart diseases and cerebrovascular diseases 

have decreased. In 2016, there were almost 2 million deaths globally due to AD and 

this is expected to rise by almost 65% by 2030 (World Health Organisation, 2018). In 

2014, the cost of caring for AD patients in the UK was £23.6 billion and, without 

intervention, is projected to increase to almost £60 billion by 2050. It is estimated 

that potential treatments delaying the onset of AD by 2 years could reduce this 

projection to £46.5 billion and a 5-year delayed onset could reduce it to £38.2 billion 

(Lewis et al., 2014). Currently, AD is the only condition in the top 10 causes of death 

in the UK without preventative, curative, or effective progression-delaying treatments 

(Alzheimer's Research UK, 2017). 

1.1.1 Symptoms and Diagnosis 

The most prominent symptom of AD is episodic memory loss. Recent memories are 

affected in the early/mild stages followed by a loss of more distant memories as the 

disease progresses to middle/moderate and late/severe stages. AD also presents 

with other cognitive symptoms, including executive dysfunction, aphasia, and 

changes in personality. Executive dysfunction starts in the predementia stage and 



Chapter 1 – General Introduction 

 

[2] 
 

worsens as the disease progresses along with a loss of visuospatial skills and 

aphasia. Patients also experience neuropsychiatric symptoms such as apathy, 

anxiety, anosognosia, and irritability. These symptoms commonly present in mild AD, 

with the addition of disinhibition, hallucinations, delusions, and appetite and sleep 

disturbances in moderate and severe stages. In these later stages neurological 

symptoms also occur, such as incontinence, dysphasia, and pathologic reflexes. At 

this stage patients often become bedridden, and death is most commonly caused by 

complications such as risk of asphyxiation, malnutrition, and immobility (Apostolova, 

2016).  

Diagnostic criteria for AD have been produced by the National Institute on Aging and 

the Alzheimer’s Association (McKhann et al., 2011). For diagnosis of a dementia 

syndrome, patients must show decline in at least two signs of the following cognitive 

or behavioural functions: memory, reasoning and complex task handling, 

visuospatial ability, language, and personality. There must also be a decline from 

previously recorded levels of functioning. Probable AD can be diagnosed when the 

following criteria are met: the onset is insidious, there is gradual progression of the 

decline, no other disorders are present which interfere with cognition, and 

identification of positive biomarkers. These include amyloid β (Aβ) in the cerebral 

spinal fluid (CSF) or via position emission tomography (PET) scan and hippocampal 

atrophy measured by magnetic resonance imaging (MRI) (McKhann et al., 2011, 

Apostolova, 2016). There are also atypical variants of AD, complicating clinical 

diagnosis. These are less common and present differently, including the frontal 

variant of AD (fvAD) where neuropsychiatric symptoms present most strongly as the 

frontal cortex is affected before the hippocampus. AD patients can also present with 

posterior cortical atrophy resulting in early environmental disorientation and apraxia 

when episodic memories are relatively unaffected. Language disturbances can also 

present at earlier stages than typically seen in AD (Apostolova, 2016, Johnson et al., 

1999). AD can only be confirmed post-mortem when cellular hallmarks of the 

disease such as amyloid plaques and neurofibrillary tangles are seen. It is the 

presence of these pathological markers that differentiate atypical forms like fvAD 

from other dementias, such as frontotemporal dementia (Johnson et al., 1999).  
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1.1.2 Pathology 

One of the clearest pathological signs of AD is gross atrophy of the hippocampus 

and cortex caused by neural degeneration (Fox et al., 1996a, Fox et al., 1996b, 

Niikura et al., 2006). The volume of the hippocampus begins to decline before the 

onset of clinical symptoms and correlates with a decline in verbal and visual memory 

(Fox et al., 1996b). This degeneration spreads to temporal and parietal regions as 

the disease progresses, with atrophy of the frontal lobe occurring in the late stages 

of AD (Scahill et al., 2002). The exact cause of this is currently unknown, but 

disruptions to various cellular mechanisms have been linked with AD, to which 

current treatments are targeted.  

1.1.2.1 Neurodegeneration 

The degeneration of neurons in AD is the primary pathology underlying cognitive 

decline and clinical symptoms. The excitotoxicity hypothesis was first proposed by 

Olney et al. (1997) who suggested that, counterintuitively, the hypoactivity of N-

methyl-D-aspartate (NMDA) receptors observed in aging leads to chronic 

excitotoxicity. This was suggested to be due to disinhibition, where decreased 

activation of excitatory neurons leads to reduced activation of GABAergic (GABA: γ-

aminobutyric acid) inhibitory neurons, the overall consequence of which is 

heightened glutamatergic and cholinergic excitation. NMDA receptors are known to 

play a pivotal role in memory and synaptic plasticity, underlying the mechanism of 

long-term potentiation (LTP) (Lau et al., 2009). The increase in intracellular calcium 

that occurs during over-activation of excitatory mechanisms is also proposed to 

contribute to neurodegeneration by inducing oxidative stress (Sharma et al., 2019).  

Neurons are particularly susceptible to oxidative stress as neuronal activity is 

adenosine triphosphate (ATP)-intensive, requiring a high oxygen consumption 

(around 20% of the oxygen taken in by the human body goes to the brain). Redox 

reactions are also critical for neuronal functions such as synaptic plasticity (Cobley et 

al., 2018). Neurons also contain relatively low levels of antioxidants and rely on 

support from release of glutathione from surrounding astrocytes (Bell, 2013). Further 

increases in susceptibility of neurons to oxidative stress are found in 

neurodegenerative diseases, including AD (Nguyen et al., 2011, Porta et al., 2007). 

This damage correlates with areas abundant in Aβ, suggesting a link between 

amyloid pathology and oxidative stress (Butterfield et al., 2001). Both amyloid 
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precursor protein (APP) and Aβ has also been shown to localise to mitochondrial 

membranes early in the pathology of AD, resulting in increased levels of oxygen 

radicals and oxidative stress (Reddy and Beal, 2008). Localisation and cleavage of 

APP at the ER, Golgi apparatus, mitochondria, and endosomes, in addition to the 

plasma membrane, has been shown (Anandatheerthavarada et al., 2003, 

Sambamurti et al., 1992). Mitochondrial Aβ42 is thought to be a key component of AD 

pathogenesis and associated with neuronal mitochondria in energy-rich regions with 

high synaptic activity, such as the hippocampus (Pickett et al., 2018, Ashleigh et al., 

2023). This may explain the link between mitochondrial dysfunction and synaptic 

disruption which could underlie the cognitive defects seen in AD patients (Gillardon 

et al., 2007, Mungarro-Menchaca et al., 2002). 

These reactions are not themselves considered to be the cause of AD, but the 

mechanisms triggered by the underlying cause which result in the characteristic 

degeneration and atrophy in the brains of patients resulting in the observable 

symptoms and cognitive decline. Targeting these areas may therefore provide 

symptomatic relief but is unlikely to halt the progression of AD and eventual cognitive 

decline.  

1.1.2.2 Amyloid Hypothesis of Alzheimer’s Disease 

One of the major hallmarks of AD is the presence of a large number of extracellular 

Aβ plaques (Selkoe, 1991). The amyloid hypothesis of AD was first put forward by 

Hardy and Allsop (1991)  who argued that Aβ protein was the cause of AD pathology 

by triggering a cascade of neurotoxic effects. The theory initially came from studies 

of the neuropathology of Down’s syndrome as there is a higher incidence of early 

onset AD (EOAD) in these patients compared to the general population (Hartley et 

al., 2015). The disorder is caused by a trisomy of chromosome 21 which carries the 

APP gene.  

The proposed mechanism of pathology in AD involves abnormal processing of APP 

leading to increased deposition of Aβ. Proteolytic fragments of APP have been 

shown to mediate diverse cellular functions including nervous system development 

and dendritic spine density(Müller et al., 2017). At the plasma membrane, APP can 

be cleaved by two different pathways: non-amyloidogenic and amyloidogenic. In the 

non-amyloidogenic pathway α-secretase enzymes (Disintegrin and 

metalloproteinase domain-containing protein 10 (ADAM10) being the most prominent 
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(Kuhn et al., 2010)) cleaves APP within the Aβ sequence, releasing the α-secretase-

generated APP ectodomain fragment (APPsα) and leaving the α C-terminal fragment 

(CTFα) in the plasma membrane. The γ-secretase complex (consisting of presenilin 

1 and 2 (PSEN1/2), nicastrin (NCT), anterior pharynx defective 1 (APH-1), and 

PSEN enhancer 2 (PEN2) (Zhang et al., 2014a)) then cleaves the CTFα to release 

the peptide p3 into the extracellular matrix (ECM) and the APP intracellular domain 

(AICD) into the cytoplasm (Müller et al., 2017). In the amyloidogenic pathway, APP is 

cleaved by β-site APP cleaving enzymes 1 and 2 (BACE1 and BACE2) at the N-

terminus of the Aβ sequence, producing the β-secretase-generated APP ectodomain 

fragment (APPsβ) and the CTFβ. The γ-secretase complex then cleaves the CTFβ to 

generate AICD and Aβ monomers (Figure 1.1) (Müller et al., 2017, Kuhn et al., 

2010). Aβ is cleared from the CNS via several pathways. Non-enzymatic pathways 

include drainage via the interstitial fluid, uptake by microglial or astrocytic 

phagocytosis, and transport across the blood-brain barrier. Aβ can also be cleared 

by enzymes including neprilysin, insulin-degrading enzyme, and matrix 

metalloproteinase-9 (Yoon and Jo, 2012). In AD, an imbalance between Aβ 

production and clearance has been suggested, leading to aggregates of Aβ 

monomers forming Aβ oligomers. These can aggregate to form Aβ fibrils which 

eventually lead to formation of Aβ plaques (Nie et al., 2011, Mawuenyega et al., 

2010).  

Aβ peptides vary in length from 36 to 43 amino acids. The solubility and aggregation 

of Aβ peptides is dependent on the amino acid length, with Aβ42 being the most likely 

to form plaques. An increased ratio of Aβ42:Aβ40 is associated with AD (Burdick et al., 

1992, Iwatsubo et al., 1996, Selkoe and Hardy, 2016). These plaques are thought to 

induce neurotoxicity through multiple mechanisms: initiation of oxidative stress via 

binding with redox active metal ions (copper, zinc, etc.) catalysing the production of 

reactive oxygen species resulting in both DNA damage and modifications of Tau 

protein which favour formation of neurofibrillary tangles (NFTs; see section 1.1.2.3); 

activating inflammatory mechanisms by accumulation in parenchyma and blood 

vessels inducing production of pro-inflammatory cytokines, promoting microglial 

activation and phagocytosis; and alteration of plasma membrane conductance due to 

interactions between Aβ and cell membrane lipids (Wiatrak et al., 2021, Meraz-Ríos 

et al., 2013, Cheignon et al., 2018). Aβ oligomers have also been shown to exert 
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similar toxic effects on neurons, occurring at earlier stages than the effects of 

plaques. It is now thought these oligomers are a more important source of 

neurotoxicity in AD than the plaques themselves (Cline et al., 2018).  

Rare missense mutations in the APP gene were identified in cases of familial AD 

which cause an amino acid substitution at the C-terminal end of APP (Chartier-Harlin 

et al., 1991, Goate et al., 1991). Mutations in PSEN1 and PSEN2 are also linked to 

Figure 1.1 The amyloid hypothesis of Alzheimer’s disease. Deposits of extracellular Aβ plaques are 

a major hallmark of AD and are hypothesised to trigger a cascade of neurotoxicity. APP is a plasma 

membrane protein which can be cleaved by either α- or β-secretase enzymes. Cleavage by α-secretase 

initiates the non-amyloidogenic pathway as its cleavage site is within the Aβ region, generating APPsα 

and CTF-α. CTFα is subsequently cleaved by γ-secretase to produce AICD and the peptide p3. If APP is 

cleaved by β-secretase however, the amyloidogenic pathway is initiated. The cleavage site of β-secretase 

enzymes is at the N-terminus of Aβ, generating APPsβ and CTF-β. CTF-β is then also cleaved by γ-

secretase, producing AICD and Aβ. Aβ aggregates form, leading to the presence of extracellular plaques. 

Aβ: amyloid β, APP: amyloid precursor protein, APPsα: α-secretase-generated APP ectodomain 

fragment, APPsβ: β-secretase-generated APP ectodomain fragment, CTF-α: α C-terminal fragment, CTF-

β: β C-terminal fragment β, AICD: AP intracellular domain. Figure adapted from Müller et al. (2017) and 

created in BioRender. 
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familial AD leading to a shift towards the amyloidogenic pathway in APP cleavage. 

This results in increased production of Aβ throughout life (Scheuner et al., 1996). 

However, the majority of AD cases are sporadic and not caused by APP or PS 

(PSEN gene) mutations. Hardy and Higgins (1992) suggest that there may be 

additional causes which induce the shift towards the amyloidogenic pathway, 

resulting in AD.  

Since the introduction of the amyloid hypothesis, ApoE4 has been identified as the 

strongest known genetic risk factor for LOAD (see section 1.3.2.1). The global 

frequency of this allele is 13.7% but is found at a frequency of approximately 40% in 

individuals with AD (Liu et al., 2013). Risk is gene dose dependent and homozygous 

individuals have an 8–12-fold increase in risk for AD (Eid et al., 2019). ApoE proteins 

are known to have roles in lipid transport across plasma membranes via interaction 

with lipoprotein receptors, though whether isoform-dependent downstream pathways 

exist remains unclear (Raulin et al., 2022). ApoE4 is associated with earlier and 

more severe amyloid pathology, possibly due to reduction in Aβ clearance. ApoE is 

thought to induce Aβ clearance by forming ApoE-Aβ complexes, stimulating uptake 

of the complex by low-density lipoprotein receptor-related protein 1 (LRP1) 

(Bilousova et al., 2019). This complex is less stable with ApoE4 compared with other 

ApoE alleles, suggesting ApoE4 may increase AD risk through both a reduction in 

Aβ uptake by LRP1 and an increased levels of Aβ oligomers (Tai et al., 2013).  

 

The amyloid hypothesis has also come under criticism as manipulating this system 

has not led to successful clinical outcomes after showing promising results in 

reducing plaque counts and improving cognition in vivo (Morris et al., 2014). It is 

possible that these trials failed as disruption to Aβ accumulation must happen in the 

early stages of AD to resist the toxic effect of Aβ plaques (Selkoe, 2011, Oddo et al., 

2004). Due to the factors discussed in section 1.1.1, early diagnosis of AD is difficult 

and so early intervention is unlikely to be feasible in these trials. Another common 

criticism of the amyloid hypothesis is that the number of amyloid plaques does not 

correlate with cognitive decline. Davis et al. (1999) found that 49% of their subjects 

met the pathological diagnosis for AD at autopsy, based on the number of plaques in 

the neocortex, though none showed signs of cognitive impairment in life. Significant 

increases in the accumulation of Aβ also occurs over time in cognitively healthy 
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elderly populations. In a longitudinal study over 2.5 years, Vlassenko et al. (2011), 

using positron emission tomography amyloid tracing,  found that cognitively normal 

subjects, with no amyloid plaques initially, showed an increase in plaques of 3.1% 

per year and cognitively normal carriers of ε4 allele of apolipoprotein E (APOE4; the 

presence of which is the second strongest risk factor for AD after age, see section 

1.3.2.1) had an increased rate of plaque deposition. Levels of Aβ have also been 

found to plateau in AD patients despite continuing cognitive decline (Jack et al., 

2013). It is therefore difficult to determine an individual’s outcome based on the 

prevalence of Aβ plaques. For the amyloid hypothesis, the lack of correlation 

between Aβ level and cognition poses a challenge. The relationship between 

cognition and Aβ may, however, be more complex than a simple linear correlation, 

and potentially moderated by factors such as education and intelligence (Rentz et 

al., 2010). Higher levels of education are thought to reduce AD risk by creating a 

‘cognitive reserve’ where alternative brain regions and networks are recruited to 

compensate for age-related degeneration (Larsson et al., 2017).  

Alternative interpretations of the role of Aβ in AD have been put forward, including 

toxic effects of metal ions binding to plaques, soluble Aβ oligomers, and the effect of 

Aβ on the cerebral vasculature (Morris et al., 2014, Savory et al., 2002, Weller et al., 

2008). Other pathological markers of AD have been suggested to have a stronger 

correlation with cognitive ability, including neurofibrillary tangles, synapse loss, and 

microglial activation (Ingelsson et al., 2004).  

1.1.2.3 Tau Pathology 

Tau is a microtubule-associated protein essential for neurite growth by promoting 

tubulin polymerisation and impairing depolymerisation which stabilises microtubules 

(Drubin and Kirschner, 1986, Weingarten et al., 1975). Alternative splicing of the 

product of the MAPT (microtubule-associated protein tau) gene produces six 

isoforms of the human tau protein which range from 37 to 45 kDa (Goedert et al., 

1989). Expression of these isoforms is developmentally regulated, and those usually 

found in the foetal brain appear to be upregulated in AD (Kosik et al., 1989). These 

foetal isoforms are thought to be associated with a regeneration of neurites and this 

may underlie the irregular dendritic sprouting observed in early AD (Masliah et al., 

1991, Scheibel and Tomiyasu, 1978). Under normal conditions, tau is primarily 

located in the axon of neurons in the phosphorylated form, which has a reduced 
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association with tubulin. In AD, hyperphosphorylation of tau occurs, resulting in 

dissociation from microtubules and intracellular aggregation of the protein (Ittner and 

Götz, 2011, Hasegawa et al., 1992). Phosphorylation of tau is regulated by proline-

directed protein kinases such as glycogen synthase kinase 3β (GSK-3β), cyclin-

dependent-like kinase 5 (CDK-5), and dual specificity tyrosine-phosphorylation-

regulated kinase 1A (DYRK1A), whereas dephosphorylation is due to tau 

phosphatases such as protein phosphatase 2A (PP2A) (Iqbal et al., 2016, Avila, 

2008). These tau phosphatases show reduced activity in AD which may underlie tau 

hyperphosphorylation (Gong et al., 1993, Gong et al., 1995). The neurofibrillary 

tangles (NFTs) that form from hyperphosphorylated tau proteins lead to neuronal 

death as microtubules are more readily depolymerised This results in the disruption 

of axonal transport, preventing trafficking of signals and enzymes required to ensure 

survival. Destabilisation of the cytoskeleton also contributes to cell death. (Grill and 

Cummings, 2010, Terwel et al., 2002). NFTs may also result in neurodegeneration 

by forming physical barriers within the cytoplasm of neurons which displaces 

cytoplasmic organelles as well as preventing protein trafficking (Lin et al., 

2003).Compared to Aβ pathology, the progression of NFT accumulation in the brains 

of AD patients was found to better reflect clinical neurodegeneration and showed 

less variation between individuals. The Braak stages, defined by Eva Braak and her 

husband in the 1990s, map this spread from the entorhinal regions, through 

associative areas of the neocortex and finally to the neocortex (Braak and Del 

Tredici, 2013, Braak and Braak, 1991). This spread of tau protein has been 

suggested to occur through neuron-to-neuron transmission in a ‘prion-like’ manner 

with seeding, the misfolding of tau due to hyperphosphorylation, and propagation 

and transport of the misfolded protein (Clavaguera et al., 2013, Dujardin et al., 

2014). However, this ‘prion-like’ hypothesis of tau progression is debated, as the 

exact mechanisms of seeding and propagation have yet to be established but 

hypotheses such as exome-mediated secretion and chaperone by heat shock 

cognate 70, DnaJ, and synaptosome-associated protein of 25 kDa (SNAP23) have 

been suggested (Fontaine et al., 2016, Polanco et al., 2016, Colin et al., 2020). 

Tau and Aβ pathologies were first linked when mouse models displaying both 

pathologies showed enhanced numbers of NFTs (Götz et al., 2001, Lewis et al., 

2001). This indicated that the presence of extracellular Aβ plaques influenced 
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intracellular tau pathology, but the mechanistic link was not clear. Reduction of tau in 

Aβ mouse models prevented behavioural deficits and protected against excitotoxicity 

without altering the number of Aβ plaques, suggesting that amyloid-induced 

degeneration is at least partly mediated through tau (Roberson et al., 2007). After 

exposure of dendritic synapses to Aβ oligomers, tau is found in significantly higher 

than normal levels in the dendrites. Neurons with missorted tau have a reduced 

number of dendritic spines, increased activity of tau-targeting kinases, and increased 

cytosolic calcium. It is proposed that an increase in NMDA receptor-mediated 

calcium influx results in disruption in phosphorylation of proteins mediated by the 

calcium-dependent kinase calmodulin. Tau phosphorylation is mediated by 

calmodulin, meaning dysregulation of intracellular calcium concentrations triggered 

by interaction of Aβ at the synapse may lead to tau hyperphosphorylation and 

microtubule destabilisation (Zempel et al., 2010). Reduction of tau in APP23 mice 

was found to significantly reduce postsynaptic targeting of Fyn kinase, leading to a 

reduction in excitotoxicity by uncoupling NMDA receptors from excitatory 

mechanisms (Ittner et al., 2010). Aβ is thought to contribute to neurodegeneration 

through excitotoxic mechanisms (Mattson et al., 1992, Olney et al., 1997). These 

data suggest that excitotoxicity in AD may be mediated through dendritic localisation 

of tau, with NFTs forming due to increased activity of tau kinases.  

1.1.2.4 Cholinergic Hypothesis of Alzheimer’s Disease 

The cholinergic hypothesis of AD is based on the loss of innervation of cholinergic 

neurons in the limbic system and neocortex. Dysfunction of cholinergic pathways 

interacts with other pathophysiological markers of AD, including Aβ plaques and 

NFTs (Hampel et al., 2018). The cholinergic system modulates neural activity 

through acetylcholine (ACh) receptors and regulates many cognitive functions, 

including attention, working memory, and planning. Disruption to this system was 

found to correlate with cognitive decline in AD patients (Blokland, 1995, Darvesh and 

Hopkins, 2003, Lane et al., 2006, Perry et al., 1999). Reductions in the level of 

choline acetyltransferase (CAT) in the hippocampus, reduced activity in the cerebral 

cortex, and degeneration of cholinergic neurons in AD patients compared to controls 

were originally described in the 1970’s (Bowen et al., 1976, Davies and Maloney, 

1976, Perry et al., 1977). Later, further evidence for the cholinergic hypothesis of AD 

was provided, including deficits in acetylcholine (ACh) release and transport, loss of 
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cholinergic innervation to the cortex, and alterations in nicotinic and muscarinic ACh 

receptor expression (Figure 1.2) (Nilsson et al., 1986, Rylett et al., 1983, Whitehouse 

et al., 1982, Lebois et al., 2018). This is also supported by pharmacological studies 

examining the effect of modulating the cholinergic system on memory performance 

(Decker and McGaugh, 1991, Newhouse et al., 1994, Elrod and Buccafusco, 1991, 

Terry et al., 1993, Vitiello et al., 1997). This hypothesis underlies the majority of 

current treatments for AD, such as acetylcholinesterase (AChE) inhibitors,  which 

attempt to boost cholinergic activity (Doggrell and Evans, 2003). However, though 

there is agreement that deficits in the cholinergic system impacts cognition, it is not 

established as a cause of AD (Sanabria-Castro et al., 2017). Many of the changes 

seen in the cholinergic system have been observed in post-mortem tissue and so 

Figure 1.2 The cholinergic hypothesis of Alzheimer’s Disease. Diagram representing 

deficits in the cholinergic system in AD. 1) Loss of cholinergic innervation 2) Reduced ACh 

transport within the pre-synaptic membrane 3) Reduced ACh release from the pre-synaptic 

membrane 4) Down-regulation of nicotinic and muscarinic ACh receptors on the post-synaptic 

membrane. AChE inhibitors (5) are used to block the breakdown of ACh, increasing the 

concentration in the synaptic cleft, leading to increased receptor stimulation. ACh: 

Acetylcholine, AChEI: Acetylcholinesterase Inhibitor, A: Acetate, Ch: Choline. Figure created 

in BioRender. 
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represent the brain at the end stages of AD, providing limited insights into the 

pathology underlying early stages of AD (Terry and Buccafusco, 2003). 

1.1.3 Current Treatments 

There is no cure for AD and no therapies to stop or reverse progression. The 

majority of treatments currently available only provide symptomatic relief and attempt 

to slow the progression of the disease. There are four drugs approved by the Food 

and Drug Administration (FDA) for use in the treatment of AD. Donepezil, 

galantamine, and rivastigmine are acetylcholinesterase (AChE) inhibitors which 

prevent the breakdown of acetylcholine (Ach). Memantine is an NMDA receptor 

antagonist which relieves symptoms of AD by attempting to block excitotoxicity 

produced by excessive glutamate signalling (Carvalho et al., 2015). These drugs can 

provide a small but significant benefit to patients, particularly in the early stages of 

AD. Patients experience a slower decline in cognitive ability and a delay in admission 

to full-time care; however, as the disease progresses these treatments become less 

effective (Deardorff et al., 2015). Drugs such as selective serotonin reuptake 

inhibitors (SSRIs) and antipsychotics are also prescribed to treat the behavioural 

symptoms of AD, such as co-morbid depression and psychosis (Yiannopoulou and 

Papageorgiou, 2013). However, the effectiveness of these treatments is debated, as 

SSRIs and antipsychotics were not shown to provide any benefit over placebo with 

increased risk of adverse effects (Banerjee et al., 2011, Zec and Burkett, 2008).  

Disease-modifying treatments are being investigated, but none have so far had 

success in clinical trials. BACE and γ-secretase inhibitors have been considered to 

inhibit Aβ synthesis (Sharma et al., 2019). Specifically, BACE1 is targeted for 

inhibition as this isoform is predominantly responsible for APP cleavage in neurons 

(Cai et al., 2001). A major challenge with this approach is the loss of additional 

BACE1 functions, such as roles in axon guidance (Hitt et al., 2012). Failure of these 

drugs to produce clinical benefits have questioned the effectiveness of this strategy, 

especially as they prevent the formation of new plaques with no effect on existing 

ones. A successful BACE1 inhibitor may therefore form a preventative rather than 

curative therapy (Menting and Claassen, 2014). γ-secretase inhibitors have failed in 

late-stage clinical trials due to negatively affecting cognition and increasing rates of 

skin cancer (Kelleher and Shen, 2010). Also, as with BACE1 inhibitors, this strategy 

does not remove existing Aβ plaques so could only form a preventative therapy.  



Chapter 1 – General Introduction 

 

[13] 
 

To prevent the aggregation of Aβ, molecules which interfere with Aβ-Aβ interactions 

have been developed. These molecules have shown promise in in vitro and in vivo 

studies but fail in phase II clinical trials (Ma et al., 2012, Caltagirone et al., 2012). 

Potential druggable targets to increase the clearance of Aβ, such as enzymes and 

receptors mediating clearance and accumulation, have been described but anti-Aβ 

immunotherapies are the leading strategy to combat existing plaques (Mathis et al., 

2007, Cai et al., 2016, Sharma et al., 2019). 

Pharmacological approaches aimed at treating tau pathology have also been 

explored. Inhibition of GSK-3β has been explored to reduce hyperphosphorylation of 

tau. Lithium has been suggested to reduce tau phosphorylation by inhibiting GSK-3β 

in vitro and has shown encouraging results in slowing cognitive decline in initial 

clinical trials (Hong et al., 1997, Forlenza et al., 2012, Morris and Berk, 2016). 

However, the discontinuation rate of lithium therapy is relatively high and so may not 

form a feasible long-term treatment (Macdonald et al., 2008). Inhibition of CDK-5 has 

also been studied and found to restore synaptic functions and cognition in vivo 

although inhibitors have not yet progressed to clinical trials (He et al., 2017, Shukla 

et al., 2017).  

Both active and passive immunisation methods have the trialled as an AD 

immunotherapy and both utilise the immune system by inducing the phagocytosis of 

plaques by microglia. This method has shown promising results in clinical trials, with 

increased clearance of Aβ plaques and slowing of cognitive decline in patients 

(Weiner and Frenkel, 2006). However, major safety concerns have hampered this 

research, most clearly demonstrated by the disastrous AN 1792 Alzheimer’s vaccine 

clinical trial where around 6% of participants developed meningoencephalitis (Delrieu 

et al., 2012, Pride et al., 2008, Robinson et al., 2004, Coman and Nemes, 2017, 

NCT00021723, 2002). Since this trial, there has been some success in the 

development of anti-Aβ antibodies. Many have failed in phase III clinical trials which 

led to criticism of amyloid hypothesis of AD (Doody et al., 2014, Lasser et al., 2016, 

Moreth et al., 2013). However, Lecanemab, a humanised IgG1 monoclonal antibody 

against soluble Aβ, was found to reduced amyloid markers and slow cognitive 

decline in a phase III clinical trial in 2023. The treatment was associated with 

adverse events, including infusion-related reactions, atrial fibrillation, and angina 
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pectoris, meaning further trials over a longer period are planned to fully determine 

the efficacy and safety of Lecanemab (NCT03887455, 2019, van Dyck et al., 2022).  

Immunotherapies against tau have also been explored in the treatment of AD (Chai 

et al., 2011, Sharma et al., 2019). Antibodies targeted against structures essential for 

tau-tau interactions have been successful in reducing tau oligomers in vivo and 

passed phase I clinical trials (Novak et al., 2019). This vaccine (AADvac1) 

underwent a phase II clinical trial which showed AADvac1 had a good safety profile 

but did not significantly improve cognition. The study investigators suggest a phase 

III trial for AADvac1 is required to make robust conclusions on the clinical efficacy of 

the vaccine (NCT02579252, 2019, Novak et al., 2021). Other approaches in 

targeting tau proteins include antibodies against hyperphosphorylated tau as well as 

specific tau peptides and complete tau (Pedersen and Sigurdsson, 2015).  

 

1.2 Microglia 

1.2.1 Microglial Biology 

Microglia are cells of myeloid lineage and often referred to as the macrophages of 

the central nervous system (CNS) (Figure 1.3). Although glia were first described in 

1846 by Rudolf Virchow, microglia were not recognised as a unique cell type until 

1924 through the work of Pío del Río-Hortega (Tremblay et al., 2015). These cells 

are derived from myeloid progenitors in the embryonic yolk sac, earlier than other 

tissue macrophages, and the population is maintained through local self-renewal 

rather than progenitor recruitment (Ajami et al., 2007, Ginhoux et al., 2010, Alliot et 

al., 1999, Lenz and Nelson, 2018). Microglia play an important role during 

development, where they mediate synaptic pruning through phagocytosis of tagged 

synapses, remove apoptotic cells, and regulate neural precursor and neuronal cell 

populations (Paolicelli et al., 2011, Cunningham et al., 2013, Marín-Teva et al., 

2004). In the adult brain, ‘resting’ microglia survey the environment. In this state the 

cells have a ramified morphology with a small cell body and thin, motile processes. 

Activation of surface receptors on ramified microglia signals a threat to CNS 

homeostasis initiating a pathway resulting in ameboid microglia. This is a graded 

response where microglia become ‘activated’, coordinating both pro- and anti-

inflammatory responses via cytokine release (Nimmerjahn et al., 2005). Microglia 
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gradually shift from a non-phagocytotic to a phagocytotic state through retraction of 

branches eventually reaching the ameboid state. These microglia can freely move 

throughout neural tissue, are phagocytotic, and secrete pro-inflammatory cytokines 

(Xu et al., 2022). Activation of microglial receptors by neuron-secreted chemokines 

has also been shown to form a feedback loop mediating synaptic plasticity (Wu et 

al., 2015, Ragozzino et al., 2006). Microglial activation occurs in response to brain 

injury and infection in an attempt at damage control. However, this activation can 

also result in harmful neuroinflammation, now identified as a key component of the 

pathology of neurodegenerative diseases (Shi and Holtzman, 2018, Jones et al., 

2010). 

Figure 1.3 Developmental lineage of microglia. Microglia are derived from myeloid 

progenitor cells from the embryonic yolk sac. Differentiation of myeloid progenitor cells to 

microglial progenitor cells occurs in the yolk sac before migration to the developing brain. 

Once mature, microglia exist in the ‘resting’ ramified state where the population is 

sustained by self-renewal. Ramified microglia survey the environment for disruptions to 

CNS homeostasis. Activation of surface receptors initiates a graded response of microglial 

activation. Activated microglia begin to retract their branches, release inflammatory 

cytokines, and become more phagocytotic. At the end of this pathway microglia exist in 

an ameboid state which is highly phagocytotic and free to move throughout the neural 

environment. Figure created in BioRender. 
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1.2.2 Microglia in Neurodegeneration 

The activation states of microglia have classically been grouped into ‘M1’and ‘M2’ 

based on the classification system of macrophages (Martinez and Gordon, 2014). 

The M1 phenotype was considered a classically activated state, characterised by 

secretion of pro-inflammatory mediators. The M2 phenotype defined microglia that 

were ‘alternatively activated’ which increases phagocytosis and triggers an anti-

inflammatory response (Zhou et al., 2017, Shi and Holtzman, 2018). This 

classification has since been refuted for being too simplistic, as both macrophages 

and microglia show a broader range of activation types in response to the 

environment (Ransohoff, 2016, Murray et al., 2014, Mosser and Edwards, 2008). 

More recently the term ‘disease associated microglia’ (DAM) has been used to 

describe a subset of microglia with a unique transcriptional profile and functions 

associated with neurodegenerative diseases. DAM express many of the genes 

identified in AD genome wide association studies (GWAS) and activation requires 

expression of Triggering Receptor Expressed on Myeloid cells 2 (human protein: 

TREM2, mouse protein: Trem2) (Keren-Shaul et al., 2017). This activation has been 

proposed to be triggered in response to signals common to neurodegenerative 

diseases, such as apoptotic cells and protein aggregates (Deczkowska et al., 2018).  

Neuroinflammation has been implicated in many neurodegenerative diseases and 

altered expression of microglial proteins has been associated with AD (González et 

al., 2014, Seyfried et al., 2017). GWAS data highlighted an association between 

pathways of the immune response and late onset AD (LOAD), leading to the 

investigation of networks of microglial genes. It is thought that disruption to these 

networks by the presence of AD risk variants may contribute to the pathology of AD 

(Jones et al., 2010, Efthymiou and Goate, 2017). There is debate over whether these 

observed changes in microglia in AD are a cause of the disease or a consequence of 

it, but evidence associating risk variants of microglial genes with LOAD has shifted 

the prevailing view towards dysfunctional microglia playing a causal role in LOAD 

(Jones et al., 2010, Sims et al., 2017). In AD, neuroinflammation occurs due to 

increased activation and proliferation of microglia and expression of inflammatory 

signals as well as a decrease in phagocytosis (Martin-Estebane and Gomez-Nicola, 

2020, Olmos-Alonso et al., 2016, Wendt et al., 2017, Dickson et al., 1993). Increased 

microglial activation has also been found to correlate with cognitive decline in AD 
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patients but not with amyloid load (Edison et al., 2008). Understanding the 

physiological consequences of microglial gene variants associated with AD risk is 

vital to understand AD pathology and identify potential druggable targets.  

1.2.3 In Vitro Microglia Models 

One of the most biologically relevant in vitro cell models are cultures of primary cells. 

Rodent primary microglial cultures can be generated by isolating microglia from both 

neonatal and adult animals and human primary cultures are derived from foetal 

tissue post-termination or from post-mortem tissue (Baker et al., 2002, Giulian and 

Baker, 1986, Timmerman et al., 2018). The yield of these cultures, however, is 

limited, particularly from human sources (Henn et al., 2009). Phenotypic changes 

due to changing environments influencing gene expression have also been reported 

(Gosselin et al., 2017). To produce microglial cultures of a sufficient yield for 

proteomics studies, immortalised cell lines are often used. These cells are initially 

derived from a primary cell culture and usually immortalised by incorporation of 

oncogenes allowing for continual proliferation. These cell lines are easier to maintain 

than a primary culture and allow for growth of large numbers of cells due to abundant 

proliferation. However, it has been acknowledged that immortalisation may result in a 

change to the microglial phenotype as these cell lines do show some genetic and 

functional differences from primary microglia (Butovsky et al., 2014, Melief et al., 

2016, Timmerman et al., 2018). Both mouse and human immortalised microglia cell 

lines are available, although some studies have uncovered issues with the human 

cell lines. For example, the HMO6 line was originally immortalised by transduction of 

a v-myc carrying PASK 1.2 retroviral vector to embryonic primary microglia; 

however, exposure of these cells to lipopolysaccharide (LPS) did not induce 

expression of the same cytokines as primary microglia (Nagai et al., 2001). Lines 

developed from CHME-5 cells (including HMC3) have also been claimed to be 

human microglial immortalised cell lines (Janabi et al., 1995, Dello Russo et al., 

2018). However, there is concern that some branches of this line may be cross-

contaminated with rat glioblastoma cells (Dello Russo et al., 2018). Genotyping of 

short tandem repeats and by microsatellite analysis demonstrated these cells to be 

of rat origin, although were confirmed to be a suitable in vitro model of rat microglia, 

particularly for studying inflammatory signalling (Figueroa-Hall et al., 2017, Garcia-

Mesa et al., 2017).  
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Two of the most commonly used mouse microglia cell lines are the BV2 and N9 lines 

(Timmerman et al., 2018). N9 cells were generated from embryonic primary 

microglia and transformed with v-myc or v-mil oncogenes from MH2, an avian 

retrovirus (Righi et al., 1989). These cells are positive for microglial markers such as 

macrophage antigens and glycoprotein F4/80 and negative for astrocytic and 

oligodendrocytic markers such as glial fibrillary acidic protein (GFAP) and 

galactocerebroside (GalC) (Timmerman et al., 2018). N9 cells also release pro-

inflammatory cytokines in response to LPS and ATP stimulation, indicating the 

expression of purinergic receptors and similar calcium signalling patterns to primary 

microglia (Ferrari et al., 1996). BV2 cells were generated by transduction of v-raf/v-

myc oncogenes into mouse neonatal primary microglia (Blasi et al., 1990). As with 

the N9 cell line, BV2 cells express microglial markers, including macrophage-1 

antigen and macrophage-2 antigen (MAC1/2), are negative for GFAP and GalC, 

release cytokines in response to LPS stimulation, and show phagocytotic activity 

(Timmerman et al., 2018, Stansley et al., 2012, Boza-Serrano et al., 2014).  

A major advantage of immortalised cell lines, particularly for proteomic studies, is the 

ability of these cells to proliferate quickly and so large numbers of cells can be 

generated relatively quickly and cheaply. However, as this occurs due to the 

presence of transduced oncogenes, by their very nature these cell lines are not the 

same as primary microglia raising questions as to their suitability for in vitro assays 

to determine the biological role of microglia. Due to this, Henn et al. (2009) 

compared BV2 cells to primary microglia and concluded that the BV2 line were a 

valid substitute. Proteomic and transcriptomic analysis identified similar patterns of 

signalling after LPS stimulation and both lines showed similar regulation of nitric 

oxide. BV2 cells were also able to stimulate other glial cells, including nuclear factor 

kappa-light-chain-enhancer of activated B cells (NF-κB) translocation and IL-6 

production in astrocytes. As the BV2 line is one of the most common microglial cell 

lines, used in both academic laboratories and within the pharmaceutical industry, 

they are one of the best characterised in vitro models of microglia (Henn et al., 

2009). Immortalised human microglial lines are not currently as well characterised, 

but a reliable line which can form a viable substitute to primary human microglia 

could be a more translatable in vitro assay to human biology and health. 



Chapter 1 – General Introduction 

 

[19] 
 

Microglia derived from induced pluripotent stem cells (iPSCs) are potential models 

hoped to provide more translatable results from in vitro studies to clinical 

applications. iPSC-derived microglia have been found to have similar mRNA/gene 

expression to human foetal microglia, although cells resembling dendritic cells and 

macrophages are also generated (Pandya et al., 2017, Muffat et al., 2016, Douvaras 

et al., 2017, Haenseler et al., 2017). This creates a problem when studying 

neurodegenerative diseases as these disorders typically appear in old age. Signs of 

aging in cells, such as senescence and telomere shortening, are reset during the 

reprogramming of adult donor cells to iPSCs (Timmerman et al., 2018). The 

microglial cultures produced may then not be completely representative of microglia 

within the brains of patients. Direct reprogramming which skips the stem cell stage 

has been described, producing cells which retain signs of aging (Mertens et al., 

2015, Prasad et al., 2016). For both of these reasons, and the fact that the shortest 

of these protocol takes 6-8 weeks and is a relatively costly procedure, means that 

immortalised microglial lines are the most commonly used in vitro models to study 

the physiology of microglia. 

 

1.3 Genetics 

1.3.1 Introduction to Genetics 

Knowledge of the genetic factors that influence both physiological and pathological 

mechanisms is a key foundation in understanding the aetiology of disease. In April of 

2003, the Human Genome Project (HGP) was declared complete by the National 

Human Genome Research Institute (Collins et al., 2003, International Human 

Genome Sequencing Consortium, 2004). This success provided an invaluable tool 

for identifying genes responsible for human diseases. When the project began in 

1990, 100 disease genes had been identified and by the end over 1400 genes were 

known to affect human disease. More than 100,000 alleles have since been found to 

contribute to at least one disorder and genes for most Mendelian disorders have 

been identified thanks to this significant resource (Hamosh et al., 2005, Stenson et 

al., 2014). However, it was also discovered that many diseases do not have just one 

causal gene and therefore no single druggable target (Penrod et al., 2011). Despite 

this, the HGP has provided a framework for the collection of genomic-scale data and 
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allowed for advances in functional genomics (Penrod et al., 2011). From this, fields 

such as transcriptomics, proteomics, and epigenomics stemmed, offering insights 

into the genotype-phenotype relationship. This has led to the identification of 

druggable targets in many areas of pathology, including cancer, psychiatric 

disorders, and Huntington’s disease (HD), as well as in AD (Reddy and Kaelin, 2002, 

Gandal et al., 2016, Albin and Tagle, 1995). 

Pathology can be the result of variation in multiple genes (as well as environmental 

factors), and variants within an individual gene may therefore only account for a 

small proportion of the phenotype. Therefore, risk for a polygenic disorder varies 

between individuals due to genetic variation within the population (Lvovs et al., 

2012). Risk accumulates with the presence of additional risk alleles meaning 

polygenic risk scores can be calculated based on the variants an individual 

possesses. Around 90% of this genetic variation is thought to be due to single 

nucleotide polymorphisms (SNPs) (Collins et al., 1998). SNPs are common within 

populations and occur once in every 250-1000 nucleotides on average (Ye et al., 

2001). SNPs are defined as a single base pair change when compared to the human 

reference genome sequence (International Human Genome Sequencing 

Consortium, 2004, Jackson et al., 2018). Within exons, these can be silent (no amino 

acid change), missense (base pair change results in an amino acid change), or 

nonsense (base pair change results in a premature stop codon and truncated 

protein). SNPs more commonly occur in non-coding regions as only around 1.5% of 

the genome encodes for proteins. SNPs present in these regions can affect the 

binding of proteins such as transcription factors and alter gene expression and 

splicing. SNPs which are known to influence disease are referred to as risk variants. 

These variants range in frequency and effect size (McCarthy et al., 2008) (Figure 

1.4). Mendelian disorders are caused by rare variants with a high effect size and 

GWAS methods have identified hundreds of common variants with low effect sizes. 

These variants contribute to many different phenotypes, including AD, schizophrenia 

(SZ), and even height (Shen and Jia, 2016, Bergen and Petryshen, 2012, Guo et al., 

2018). Rare variants with a low effect size are difficult to identify but may act as 

modifier variants (Hammer et al., 2017). SNPs occur more frequently in non-coding 

regions of DNA as they are more likely to be selected against in coding regions 

(Collins et al., 1998, Nickerson et al., 1998). This also complicates the identification 
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of druggable targets through genetic sequencing, as only a minority of SNPs occur 

within exons and those within introns are thought to affect gene expression.  

Identification of genes affected by SNPs is also complicated by linkage 

disequilibrium (LD; defined as “the non-random association of alleles at different loci” 

Figure 1.4 Risk variants range in frequency and effect size. Risk variants have different frequencies 

amongst a population. Rare alleles have a minor allele frequency between 0.001 and 0.005, low 

frequency variants between 0.005 and 0.05, and common variants >0.05. Effect size, or penetrance, also 

differs. The effect size is the contribution of a particular SNP to a particular phenotype. A variant with a 

high effect size greatly contributes to the specific phenotype. Common variants with a high-effect size are 

rare as they are generally selected against. Mendelian diseases, such as cystic fibrosis or sickle cell, are 

caused by rare variants of high effect. Low effect common variants are identified through association 

studies and are thought to explain 50% of the heritability of late onset Alzheimer’s disease. Low-frequency 

variants with intermediate effects are also detected through association studies but are harder to identify. 

Low-effect rare variants are the hardest to identify although can be detected through linkage 

disequilibrium patterns with common variants. Figure created in BioRender. 
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(Slatkin, 2008)) and long-range gene regulation (enhancer-promoter interactions 

have been identified which span up to 1000 kb (West and Fraser, 2005)).  

Another complication in understanding how SNPs affect the function of the proteins 

they code for is post-transcriptional modifications. Splicing can occur meaning a 

single gene can encode multiple isoforms of a protein. Exon skipping, intron 

retention, and alternative 3’ and 5’ sites can occur, meaning a SNP may affect one 

isoform but not another or modify the splicing mechanisms themselves.  

1.3.2 Genetics of Alzheimer’s Disease 

Genetic mutations underlying EOAD led to hypotheses for the aetiology of AD. The 

heritability of EOAD is thought to be around 90% and is estimated to be between 

58% and 79% for LOAD (Gatz et al., 2006, Wingo et al., 2012). Genes carrying risk 

for AD were first identified in linkage studies of multiplex families with EOAD. The 

development of GWAS, whereby around 1 million SNPs are simultaneously 

genotyped in large patient and control samples, then allowed for the discovery of 

common risk variants with a low to moderate effect size (Shen and Jia, 2016, 

Ertekin-Taner, 2010). Most recently, next generation sequencing (NGS) of the 

exome and whole genome has been used to identify rare variants contributing to 

LOAD (Sims et al., 2017, Bis et al., 2020). 

Over 50 susceptibility loci for LOAD have been identified at genome-wide 

significance, including both common and rare variants (Sims et al., 2020). The 

rapidly growing list of associated genes can be attributed to international co-

operation, as large patient and control data sets are required for the identification of 

both common and rare variants. In 2011, the International Genomics of Alzheimer’s 

Project was formed from a merger of the AD Genetics Consortium, the Cohorts for 

Heart and Aging Research in Genomic Epidemiology, the European AD Initiative, 

and the Genetic and Environmental Risk in AD group. The first results from this 

project identified 11 new risk loci, a list which has grown substantially since (Lambert 

et al., 2013, Sims et al., 2020). Common risk variants for AD have been identified 

through GWAS and rare risk variants through NGS, highlighting ‘hub genes’ which 

significantly influence AD risk.  

1.3.2.1 Linkage Studies 
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As mentioned above, rare genetic variants with a strong effect on risk for AD were 

initially identified through linkage studies. Here, co-segregation of the phenotype with 

particular alleles at highly polymorphic markers is sought in families with a high 

incidence of the trait to identify the chromosomal location likely to contain the causal 

genetic variant. This is possible due to linkage of genetic variation within families, 

where genes in close proximity to one another remain linked during meiosis (Pulst, 

1999).  

Initially, loci contributing to EOAD were identified through linkage studies (Naj and 

Schellenberg, 2017). A locus on chromosome 21 was implicated and subsequent 

investigation identified rare variants of APP as a causal factor (Goate et al., 1991, St 

George-Hyslop et al., 1987). Functional studies showed that mutations in APP 

shifted the cleavage of APP towards the amyloidogenic pathway resulting in greater 

numbers of Aβ plaques (Suzuki et al., 1994). Variants of PSEN1 and PSEN2, 

located on chromosomes 14 and 1, respectively, were also found to cause EOAD 

(Levy-Lahad et al., 1995, Rogaev et al., 1995, Sherrington et al., 1995). The 

proximal long arm of chromosome 19 was also implicated in EOAD through linkage 

studies (Pericak-Vance et al., 1991). This location was known to include the gene 

APOE and the protein APOE was found to bind to Aβ in the CSF. The specific 

isoform APOE4 was subsequently found to be associated with LOAD, the first and 

strongest genetic risk factor identified (Strittmatter et al., 1993, Saunders et al., 

1993b, Saunders et al., 1993a). Three isoforms of APOE exist due to point mutations 

at two sites within the gene, resulting in amino acid changes (LaDu et al., 1994). The 

ε3 allele is considered the wild-type and the ε2 isoform is associated with a 

protective effect against AD (Corder et al., 1994). APOE4 is thought to contribute to 

risk for AD as the point mutations result in structural changes which negatively affect 

ligand binding to molecules including Aβ and TREM2 (a receptor also implicated in 

AD risk, see section 1.3.4). In mouse models this has been shown to disrupt 

clearance of Aβ plaques, implicating APOE in the amyloid cascade hypothesis 

(Deane et al., 2008). APOE has also been found to influence vascular function, 

neuroinflammation, and synaptic plasticity; functions implicated in AD pathology 

(Liao et al., 2017). Individuals homozygous for APOE4 have a 5-times increased risk 

for AD compared to heterozygous individuals, indicating a dose-dependent risk 

(Sims et al., 2020).  
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A major limitation with linkage studies, however, is they only identify risk variants 

with a high effect size and therefore are often rare, with the notable exception of 

APOE which has unusually high penetrance for a common variant. In order to 

identify variants of lower effect size, much larger genomic datasets of both case and 

control groups are required. 

1.3.2.2 Genome Wide Association Studies 

More recently, disease-associated variants have been identified through GWAS. 

GWAS is a highly successful method to investigate how genetics influences 

phenotype, although confounding variables between study groups and distinct 

genetic variation between ethnic groups can result in reproducibility issues (Jackson 

et al., 2018, Sazonovs and Barrett, 2018). The development of DNA microarray 

technology and the completion of the Human Genome and International HapMap 

Projects paved the way for high-throughput genome comparisons between case and 

control groups (Bush and Moore, 2012, The International HapMap Consortium, 

2005, International Human Genome Sequencing Consortium, 2004, Sazonovs and 

Barrett, 2018). SNPs which appear more frequently in the case samples compared 

to controls are determined to be associated with increased risk for the disease. 

SNPs appearing less frequently in cases compared to controls are likely to be 

protective against the disease. As typically 1 million independent SNPs are tested, a 

stringent P-value of ≤ 5.0 x 10-8 is used as the threshold for ‘genome-wide 

significance’ to control for multiple testing. The first published GWAS identified a 

polymorphism associated with age-related macular degeneration and as of April 

2022 the GWAS Catalog contains 372,752 genome-wide significant associations 

between genetic variants and phenotypic traits from 5,690 publications (Klein et al., 

2005, Buniello et al., 2019). The goal of GWAS is to find associations between allele 

or genotype frequency and a phenotype. When studying a disease, case and control 

groups are genotyped by SNP arrays or whole-genome sequencing. Association 

tests then identify SNPs which show a genome-wide significant association with the 

disease. Once a locus has been identified, the region is examined for genes which 

are likely to influence the phenotype. Loci in linkage disequilibrium (LD) with the 

identified SNP also need to be investigated as they may contain the site of the 

causal variant. The identified locus may not be the location of the risk gene, as it 

may influence the expression of a gene many kilobases away. Whilst GWAS have 
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been responsible for the identification of thousands of disease/trait-associated 

genetic variants, only a proportion of the heritability of common diseases has been 

explained. For example, around 50% of the heritability of LOAD has been explained 

by common variants, variants with a minor allele frequency (MAF) of greater than 

0.05 (Sims et al., 2020). This missing heritability may be the failure of GWAS to 

identify SNPs with a small effect size due to the high significance threshold required 

to account for multiple testing. Susceptibility to a disease is also influenced by 

environmental factors and so gene-environment interactions may explain some of 

the missing heritability, along with rarer risk variants (Tam et al., 2019).  

Some of the first genes found to be associated with AD from GWAS were variants in 

the clusterin (CLU; also known as apolipoprotein J or APOJ), phosphatidylinositol-

binding clathrin assembly protein (PICALM), and complement receptor 1 (CR1) loci 

(Harold et al., 2009, Lambert et al., 2009). CLU is best known as an extracellular 

chaperone protein but is also involved in cell death and survival pathways 

(Humphreys et al., 1999). PICALM is known to play a role in clathrin-mediated 

endocytosis and CR1 is a receptor involved in the complement pathway in the 

immune response (Zhu et al., 2015, Ford et al., 2001). Both CLU and PICALM have 

been linked to the aggregation and clearance of Aβ plaques and the association of 

CR1 implicates the innate immune system in the pathology of AD (Xu et al., 2015, 

Foster et al., 2019, Zhu et al., 2015).  

GWAS have been a ground-breaking tool for piecing together the genetic 

architecture of AD risk. However, alone these studies cannot fully explain the 

heritability of disease. As GWAS identifies trait-associated common variants, rare 

variants are not generally targeted (Lord et al., 2014). Identification of these variants, 

for example via whole exome or whole genome sequencing, is required to fully 

understand the contribution of genetics to the aetiology of LOAD (Sazonovs and 

Barrett, 2018). GWAS also cannot identify novel sites of genetic variation. Samples 

are genotyped by microarrays, allowing for the association between known SNPs 

and a particular disease but does not identify completely novel SNPs which require 

DNA sequencing. Although, most common variants have been catalogued and 

known LD patterns can be used for accurate genotype imputation at minor allele 

frequencies (McCarthy et al., 2016).  
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1.3.2.3 DNA Sequencing  

In order to identify rare variants for diseases, DNA sequencing or targeted 

microarray technologies are required. Rare coding variants are defined as having a 

MAF of less than 0.01 and occur in less than 1% of the population (International 

Human Genome Sequencing Consortium, 2004, Sims et al., 2020). One of the most 

commonly used methods is NGS, a high throughput sequencing method which can 

sequence small DNA fragments in parallel (Behjati and Tarpey, 2013). NGS 

developed from Sanger sequencing, developed in 1977, which utilises labelled 

dideoxynucleotides to inhibit chain synthesis and produce DNA fragments of different 

lengths. The fragments are then resolved on a gel and the DNA sequence can be 

read (Sanger et al., 1977). In NGS, an entire genome can be read by fragmenting 

the full sequence and analysing them in parallel by either sequencing by 

hybridisation or sequencing by synthesis methods (Schuster, 2008, Slatko et al., 

2018). Exome-wide sequencing can also be used to detect rare variants in protein-

coding sequence. As the exome comprises of around 2% of the eukaryotic genome, 

the cost of exome-wide sequencing is significantly lower than whole-genome 

sequencing (Cosart et al., 2011).  

Sims et al. (2017) used whole-exome microarray to genotype individuals, identifying 

rare coding variants for TREM2, ABI3, and PLCG2 associated with LOAD. Four 

missense variants were found to be associated with LOAD at genome-wide 

significance: p.P522R in PLCG2 (rs72824905, P=5.38×10-10, OR=0.68, MAF in 

cases=0.0059, MAF in controls=0.0093); p.S209F in ABI3 (rs616338, P=4.56×10-10, 

OR=1.43, MAF in cases=0.011, MAF in controls=0.008); R62H (rs143332484, 

P=1.55×10-14, OR=1.67, MAF in cases=0.0143, MAF in controls=0.0089) and R42H 

(rs75932628, P=5.38×10-24, OR=2.46, MAF in cases=0.004, MAF in controls=0.002) 

in TREM2, of which the p.R62H variant was novel. The exact mechanism of how 

these variants influence AD risk is currently unknown, but the PLCG2 variant is 

thought to be protective and other TREM2 variants increase risk of AD due to 

reduced ligand binding (Magno et al., 2019, Atagi et al., 2015). Understanding the 

functional biology of these risk genes is paramount in explaining how these variants 

influence risk for AD. Genomic approaches such as GWAS and NGS can identify 

associations between the genes and risk for disease, but cell biology and proteomic 
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studies are required to fully understand the function of risk proteins, consequences 

of disease associated genetic variants, and to identify potential druggable targets. 

1.3.3 ABI3 

Abl interacting protein 3 (human protein: ABI3, mouse protein: Abi3) was first 

characterised by Miyazaki et al. (2000) by cloning from a human placental cDNA 

library. The gene was initially named new molecule encoding Src homology 3 

(NESH) before being added to the ABI family due to similar domain structures and 

amino acid sequence as ABI1 and ABI2. ABI3 mRNA was found to be expressed in 

a variety of tissues including the heart, liver, and kidney, as well as low level 

expression in the brain and skeletal muscle. The ABI3 protein contains a Src 

homology 3 (SH3) motif, proline-rich regions, and serine rich regions, both of which 

are intrinsically disordered (Figure 1.5). The presence of an SH3 domain suggests a 

role as a signalling protein as this region is associated with protein-protein 

interactions (PPIs) and regulation of many cellular functions (Kurochkina and Guha, 

2013, Dionne et al., 2021). 

1.3.3.1 Function 

The exact function of ABI3 is as yet unknown, although it is known to play a role 

within the Wiskott-Aldrich syndrome protein (WASP)-family verprolin-homologous 

protein (WAVE) regulatory complex (WRC) (Sekino et al., 2015). The WRC contains 

five subunits of proteins from the ABI family (ABI1, ABI2, or ABI3), WAVE family 

(WAVE1, WAVE2, or WAVE3; also known as WASP-family member (WASF) 

proteins), hematopoietic proteins (HEM1 or HEM2; also known as nucleosome 

Figure 1.5 ABI3 protein structure. The protein sequence of ABI3 is 366 amino acids long 

with an SH3 domain at the C-terminus. The structure also contains a coiled coil domain, a 

serine-rich, and a proline-rich region. These serine and proline rich regions are intrinsically 

disordered. Figure created in DOG 2.0. 
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assembly protein 1 (NAP1)), cytoplasmic fragile X messenger ribonucleoprotein 1 

interacting protein (CYFIP) proteins (also known as SRA proteins) and BRICK1 (also 

known as haematopoietic stem/progenitor cell protein 300 (HSPC300)) (Figure 1.6)  

 (Chen et al., 2014). Different isoforms of the WRC are produced by inclusion of 

different orthologues of the above proteins. The main function of the WRC is 

regulation of the actin cytoskeleton through activation of the actin-related proteins 2 

and 3 (Arp2/3) complex (Takenawa and Suetsugu, 2007). Arp2/3 nucleates actin 

filaments, leading to branched actin structures which form lamellipodia at the leading 

edge of motile cells (Innocenti, 2018). Hirao et al. (2006) found that ABI1 and ABI2 

regulated the activity of c-Abl tyrosine kinase (which promotes the formation of the 

WRC through the phosphorylation of WASF2) but ABI3 did not. All three ABI family 

members were shown to interact with WASF2, but ABI3 did not interact with c-Abl 

tyrosine kinase whereas ABI1 and ABI2 did. This suggests that ABI3 functions within 

the WRC to regulate the cytoskeleton but does not promote actin polymerisation, as 

ABI1 and ABI2 do. The presence of ABI3 has also been shown to reduce ABI1 levels 

and, when present in the WRC, inhibited the formation of lamellipodia by preventing 

the translocation of WASF2 to the plasma membrane (Sekino et al., 2015). Microglia 

from Abi3 knockout mice show morphological abnormalities, alteration of microglial 

surveillance, and a reduction in phagocytosis (Simonazzi et al., 2021, Preprint, 

Karahan et al., 2021). 

1.3.3.2 Role of ABI3 in Alzheimer’s Disease  

Within the CNS, ABI3 is primarily expressed in microglia and has also been 

observed in hippocampal neurons (Satoh et al., 2017, Bae et al., 2012b). Although 

the specific function of ABI3 has not been studied, the WRC is known to regulate 

pathways leading to T-cell activation and microglial migration occurs through the 

regulation of lamellipodium via the action of the actin-related protein 2/3 (Arp2/3) 

complex to form branched actin structures (Satoh et al., 2017, Nolz et al., 2006, 

Vincent et al., 2012). It is likely that due to its association with the WRC and 

regulation of the actin cytoskeleton, ABI3 plays a role in microglial motility and 

morphological changes, such as during phagocytosis and cell activation. ABI3 has 

also been implicated in neuronal dendritic spine and synapse formation (Bae et al., 

2012a, Bae et al., 2012b). In AD, ABI3 is highly expressed in microglia associated 

with Aβ plaques, adding to evidence that ABI3 is involved in mechanisms  
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Figure 1.6 Schematic of the Proposed Role of ABI3 in the WAVE Regulatory Complex. The WRC 

is a 5-subunit complex consisting of paralogues of Cytoplasmic fragile X messenger ribonucleoprotein 

1 interacting protein (CYFIP), Hematopoietic protein (HEM), BRICK1, Wiskott-Aldrich syndrome 

protein-family member (WASF), and Abl interacting protein (ABI) family members. When the WRC is 

active, ABI1 is included in the complex resulting in the phosphorylation of WASF, inducing 

translocation to the plasma membrane and activation of the Arp2/3 complex. This results in nucleation 

of actin filaments creating branched actin structures. When ABI3 is incorporated into the complex, 

WASF is not phosphorylated and so the WRC is inactive resulting in reduced activation of the Arp2/3 

complex, allowing for parallel actin structures to form. Figure created in BioRender. 
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underpinning cell migration and motility (Satoh et al., 2017). The rare ABI3 variant 

(S209F) was found to be associated with increased AD risk but to date no study has 

elucidated the molecular mechanisms of this risk (Sims et al., 2017, Dalmasso et al., 

2019, Conway et al., 2018). It is possible that the risk is mediated by changes in 

ABI3 function or interaction with the WRC. 

1.3.4 TREM2 

TREM2 is a plasma membrane protein expressed in cells of the myeloid lineage, 

including monocytes, macrophages, and osteoclasts (Paloneva et al., 2003, 

Klesney-Tait et al., 2006, Turnbull et al., 2006, Bouchon et al., 2000, Daws et al., 

2001). Within the brain TREM2 is expressed primarily in microglia, with some 

expression in a subpopulation of neurons (Schmid et al., 2002, Sessa et al., 2004, 

Jolly et al., 2019). Expression levels are regulated by microglia stimulation and 

activation, Toll-like receptors (TLRs), CD33, and micro-RNAs (Sessa et al., 2004, 

Prada et al., 2006, Schmid et al., 2002, Zhong et al., 2017, Ford and McVicar, 2009, 

Chan et al., 2015, Bhattacharjee et al., 2016, Han et al., 2017).  

1.3.4.1 Protein Life cycle and Trafficking 

TREM2 contains an extracellular domain, a transmembrane region, and a short 

cytoplasmic tail (Figure 1.7) The mouse protein differs only from the human by a 

shorter cytoplasmic tail, which in both species does not contain any apparent 

signalling motifs and so cannot mediate signalling alone, although does contain a 

retromer-binding motif (Paradowska-Gorycka and Jurkowska, 2013, Colonna, 2003, 

Bouchon et al., 2000). In the trans-Golgi network (TGN), N-glycosylation sites in the 

extracellular domain are glycosylated (Park et al., 2015). These N-glycans have 

been shown to play a role in the trafficking of TREM2 to the plasma membrane and 

cell surface expression is modulated by other proteins, including mitogen-activated 

protein kinase kinases (Shirotani et al., 2022, Schapansky et al., 2021). The majority 

of TREM2, however, is located in intracellular pools in the TGN, which translocate to 

the cell surface after microglial stimulation (Prada et al., 2006, Sessa et al., 2004). 

Schmid et al. (2002) found that LPS activation of primary murine microglia reduced 

plasma membrane expression of TREM2, suggesting that activation of microglia by 

immunogenic ligands has the opposite effect on TREM2 expression than general 

activation by ionomycin. Zhong et al. (2017) discovered that the LPS-induced 
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downregulation of plasma membrane TREM2 is mediated through the c-Jun N-

terminal kinases (JNK) pathway resulting in activation of the transcription factor 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB). TREM2 

expression is also regulated by Toll-like receptors (which induce the production of 

inflammatory cytokines), CD33, and micro-RNAs (Bhattacharjee et al., 2016, Chan et 

al., 2015, Ford and McVicar, 2009, Han et al., 2017). 

At the plasma membrane, TREM2 undergoes class 1 regulated intramembrane 

proteolysis. The ectodomain is first cleaved by ADAM10 (a disintegrin and 

metalloproteinase domain containing protein 10), the shedding of which results in 

soluble TREM2 (sTREM2), a form detectable in the CSF (Kleinberger et al., 2014, 

Schlepckow et al., 2017). The C-terminal fragment remains in the membrane with 

the short cytoplasmic tail. This fragment is then cleaved by γ-secretase within the 

membrane to degrade the protein (Wunderlich et al., 2013). Inhibition of γ-secretase 

results in significantly reduced TREM2-induced increases in intracellular calcium and 

phagocytotic activity in microglia (Glebov et al., 2016, Schlepckow et al., 2017). Cell 

surface Trem2 is also recycled via a retromer complex. Yin et al. (2016) found that 

vacuolar protein sorting 35 (Vsp35) regulates the recycling of Trem2 in microglia. 

Trem2 is internalised in a clathrin-dependent manner and Vsp35/retromer mediated 

endosome-to-plasma membrane trafficking. This process is regulated by proteins 

such as beclin 1, an autophagy-associated protein shown to affect microglial 

phagocytosis via interactions with the retromer-complex (Lucin et al., 2013).  

1.3.4.2 Interactors, Signalling, and Function 

Ligands of TREM2 include bacterial products such as LPS, as well as nucleic acids, 

APOE, anionic phospholipids, and Aβ (Wang et al., 2015b, Kawabori et al., 2015, 

Atagi et al., 2015, Jendresen et al., 2017, Daws et al., 2003). The only reported 

intracellular interactor of TREM2 is DNAX-activating protein 12 (DAP12; also known 

as killer cell activating receptor-associated protein; KARAP, and tyrosine kinases 

binding protein; TYROBP). DAP12 is a polypeptide containing an immunoreceptor 

tyrosine-based activation motif (ITAM) region and acts as an accessory protein for 

receptors in the C-type lectin family and the immunoglobulin superfamily (Ig-SF); 

indeed the TREM family was discovered by searching for DAP12-associated 

proteins (Bouchon et al., 2000, Turnbull and Colonna, 2007, Paradowska-Gorycka 

and Jurkowska, 2013, Olcese et al., 1997, Lanier et al., 1998). DAP12 is recruited to 
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TREM2 by an electrostatic interaction between the transmembrane domains of each 

protein (Call et al., 2010, Lanier et al., 1998, Zhong et al., 2017). As the protein 

interactome of TREM2 has not been systematically explored, it is possible other 

proteins interact with the intracellular domain of TREM2. There are currently no 

reported interactors for mouse TREM2 in the Biological General Repository for 

Interaction Datasets (BioGRID) database (Oughtred et al., 2021). 

The TREM2/DAP12 signalling pathway is known to play a role in cell activation, 

differentiation, and survival, as well as control of the actin cytoskeleton (Peng et al., 

2010) (Figure 1.8). The binding of ligands to TREM2 results in phosphorylation of 

DAP12, triggering intracellular signalling cascades (Lanier et al., 1998). Proteins 

activated downstream of DAP12 phosphorylation include spleen tyrosine kinase 

(SYK) and zeta-chain-associated protein kinase 70 (ZAP70), which activate the 

PI3K/Akt pathway. This pathway promotes cell proliferation and survival as well as 

phosphorylation of phosphatidylinositol-4,5-biphosphate (PIP2) at the plasma 

membrane triggering conversion to phosphatidylinositol-3,4,5-triphosphate (PIP3) 

resulting in the activation of PLCγ enzymes and other secondary messengers which 

induce the release of calcium from intracellular stores (Smith-Garvin et al., 2009, 

Paradowska-Gorycka and Jurkowska, 2013, Zheng et al., 2017).  
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Figure 1.7 TREM2 protein structure. TREM2 is a 230 amino acid protein with an extracellular domain, transmembrane region, and short cytoplasmic 

tail. The extracellular domain consists of 156 amino acids and includes a V-type Ig-SF domain (a structure known as the Ig fold; formed by disulphide-

linked β-sheets with variable antigen recognition sites) and N-glycosylation sites. These sites are glycosylated within the Golgi complex, creating a 

40 kDa protein, then de-glycosylated at the plasma membrane when the ectodomain is shed, leaving a 26 kDa protein. The transmembrane domain 

contains 21 amino acids including a positively charged lysine residue which mediates the interaction with DAP12. The short cytoplasmic tail of TREM2 

consists of 35 amino acids and contains a retromer binding motif. TREM2 undergoes class 1 regulated intramembrane proteolysis by ADAM10, the 

shedding of which results in soluble TREM2. The C-terminal fragment remains in the plasma membrane with the short cytoplasmic tail which is 

eventually cleaved by γ-secretase. TREM2: triggering receptor expressed on myeloid cells 2. Adapted from Carmona et al. (2018). Figure created in 

BioRender. 
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Figure 1.8 TREM2 signalling pathways. Ligands of TREM2 include lipids, such as APOE and Aβ, bacterial 

products, such as LPS, and nucleic acids. Activation of the receptor by these ligands induces structural changes 

leading to an electrostatic attraction between TREM2 and DAP12. The ITAM region of DAP12 is then 

phosphorylated by Src kinases. This results in the activation of kinases SYK and ZAP170 as well as the 

phosphorylation of docking protein 3 (DOK3). This reduces the activation of Ras proteins, in turn reducing the 

activity of MAPK and NF-κB pathways. ZAP170 and SYK kinases activate the PI3K/Akt pathways. Akt inactivates 

GSK3β inducing translocation of β-catenin to the nucleus where it stimulates the expression of genes promoting 

cell proliferation and survival. PI3K phosphorylates PIP2 at the plasma membrane resulting in the creation of PIP3, 

the process of which contributes to the recruitment of PLCG and VAV enzymes. PLCG enzymes cleave PIP2 to 

form IP3 and DAG. IP3 induces the release of calcium from intracellular stores such as the endoplasmic reticulum 

whilst DAG activates PKC, both pathways resulting in further downstream cell signalling. VAV2/3 enzymes activate 

RAC and WAVE proteins which regulate the cytoskeleton through actin polymerisation. This induces changes in 

cell structure and morphology related to microglia switching to phagocytotic states and migration. TREM2: 

triggering receptor expressed on myeloid cells 2, APOE: Apolipoprotein E, Aβ: Amyloid β, ITAM: Immunoreceptor 

tyrosine-based activation motif, SYK: Spleen tyrosine kinase, ZAP170: zeta-chain-associated protein kinase 70, 

DOK3: Docking protein 3, MAPK: mitogen-activated protein kinase, NF-κB: Nuclear factor kappa-light-chain-

enhancer of activated B cells, PI3K: phosphatidylinositol 3-kinase, GSK3β: glycogen synthase kinase 3β, PIP2: 

phosphorylates phosphatidylinositol-4,5-biphosphate, PIP3: phosphatidylinositol-3,4,5-triphosphate, PLCG: 

phospholipase-γ, IP3: Inositol trisphosphate, DAG: diacylglycerol, WAVE: WASP-family verprolin-homologous 

protein. Figure created in BioRender. 
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TREM2-/- mice have been found to have a reduced microglial population and an 

increase in microglial apoptosis (Linnartz-Gerlach et al., 2019, Wang et al., 2015b). 

In osteoclast precursors, TREM2 deficiency reduces osteoclast proliferation (Otero 

et al., 2012). Similar mechanisms are known to control microglial cell proliferation 

and so a comparable pathway is likely to occur in microglia (Jay et al., 2017b).  

The role of TREM2 in neuroinflammation has been widely studied as the receptor 

has been found to co-express with genetic markers of both inflammatory ‘M1’ and 

anti-inflammatory ‘M2’ microglia (Jay et al., 2017b, Konishi and Kiyama, 2018, 

Neumann and Takahashi, 2007, Carmona et al., 2018, Forabosco et al., 2013). Both 

up- and downregulation of inflammatory response genes have also been observed in 

dendritic cells of PLOSL (polycystic lipomembraneous osteodysplasia with sclerosing 

leukoencephalopathy; also known as Nasu-Hakola disease) patients, who carry 

mutations in both TREM2 and DAP12 (Kiialainen et al., 2007). TREM2 may therefore 

have opposing effects on the inflammatory response which could depend on disease 

context and cell-state (Jay et al., 2015). 

Part of the immune response is migration of microglia to the site of injury. Levels of 

TREM2 expression correlate with the amount of microglial migration to apoptotic 

neurons and Aβ plaques (Wang et al., 2016, Mazaheri et al., 2017, Jay et al., 2015). 

Pathways known to regulate microglial motility are downstream of TREM2 activation. 

Rac and WASF proteins regulate the cytoskeleton via actin polymerisation and are 

activated by the conversion of PIP2 to PIP3 (Kurisu and Takenawa, 2009, Forabosco 

et al., 2013, Turner and Billadeau, 2002). This pathway also influences the 

morphology of microglia, allowing for phagocytotic activity. Phagocytosis in microglia 

is influenced by TREM2 signalling and interaction with APOE (Takahashi et al., 

2005, Atagi et al., 2015, Bailey et al., 2015). Both TREM2 knockout and reduced 

activation have been shown to reduce the phagocytosis of apoptotic neurons by 

microglia both in vitro and in vivo, with overexpression of TREM2 increasing levels of 

microglial phagocytosis (Atagi et al., 2015, Takahashi et al., 2005, Kawabori et al., 

2015, Hsieh et al., 2009).The cell surface expression of TREM2 is at least partly 

controlled by the TGN-plasma membrane-endosome cyling of the receptor, as with 

other phagocytotic receptors (Hall-Roberts et al., 2020).  
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1.3.4.3 Role in Alzheimer’s Disease 

TREM2 was first linked to neurodegenerative diseases when mutations in both 

TREM2 and DAP12 were found to be the cause of PLOSL (Paloneva et al., 2002). 

As progressive dementia is a major symptom of this disease, genes associated with 

PLOSL were investigated in AD. However, it was not until 2013 that variants of 

TREM2 were linked with increased risk of AD in large genome and exome 

sequencing studies (loss-of-function R47H and D87N mutations) (Guerreiro et al., 

2013, Jonsson et al., 2013). Since then, several variants of TREM2 have been 

associated with AD. Yin et al. (2016) found an interaction between Trem2 and Vps35 

which mediated Trem2 endosome-to-plasma membrane recycling which was 

disrupted by the R47H mutation. Disruption to the trafficking of Trem2 may therefore 

underlie the AD risk associated with this variant. The H157Y TREM2 variant has 

been found to increase shedding of Trem2 by ADAM10 and reduce phagocytotic 

activity (Schlepckow et al., 2017).  

Initially, however, studies into the effect of TREM2 variants on AD pathology gave 

contradictory results. Trem2-/- in Aβ pathology mouse models was found to both 

reduce and increase Aβ load (Wang et al., 2015b, Jay et al., 2015). It was later 

confirmed that the effect of Trem2 deficiency on AD-like pathology is dependent on 

disease stage. In the early stages of AD in this mouse model, reduction in Trem2 

reduces Aβ plaques whereas at later stages a lack of Trem2 enhances Aβ pathology 

(Jay et al., 2017a). In human AD, the relationship between TREM2 expression and 

stage of disease is less clear although the majority of studies suggest an 

upregulation of TREM2 in AD patients (Celarain et al., 2016, Martiskainen et al., 

2015, Jolly et al., 2019, Zhao et al., 2013). A potential reason for this lack of clarity is 

failure of these studies to include age-matched control groups or data on disease 

stage. Though the disease-stage-dependent effect of TREM2 expression is not as 

clear in human post-mortem studies as in mouse models, it is still an important factor 

to consider when therapeutically targeting TREM2 in AD. 

The molecular role of TREM2 in AD has been widely studied both in vitro and in vivo. 

TREM2 was found to facilitate microglial phagocytosis of Aβ oligomers and inhibit 

inflammatory responses induced by Aβ (Jiang et al., 2014). The role of TREM2 as a 

negative regulator of TLR, a receptor which mediates Aβ-induced microglial 

inflammation (Liu et al., 2012). Decreased expression of TREM2 may therefore 
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contribute to AD pathology by reducing the ability of microglia to clear extracellular 

Aβ as well as the loss of a mechanism to combat proinflammatory responses. 

Activation of Trem2 in a mouse model of AD pathology was found to reduce Aβ 

plaque deposition and increase microglial recruitment to plaques as well as cognitive 

function (Price et al., 2020). 

1.3.5 Indirect interactions between ABI3 and TREM2     

ABI3 and TREM2 may be indirectly linked by the downstream effects of TREM2 

activation. Modification of the actin cytoskeleton occurs after recruitment of VAV 

proteins by the conversion of PIP2 to PIP3 by PI3K which then activate WAVE 

proteins. As ABI3 is suggested to inhibit WRC activity when included in the complex, 

ABI3 and TREM2 may have opposing roles in the regulation of the actin 

cytoskeleton. Reduction in TREM2 expression and/or signalling may lead to an 

increase of ABI3 recruitment to the WRC, decreasing the phagocytotic activity of 

microglia.  

It is possible that plasma membrane expression of TREM2 is influenced by ABI3. 

Endosomal receptor recycling is an actin-dependent process. Protein complexes, 

including the retromer complex (VPS35, VPS29, VPS26), retriever complex 

(C16orf62, VPS29, DSCR3), the copper metabolism MURR1 domain 

(COMMD)/coiled-coil domain-containing (CCDC) 22/CCDC93 (CCC) complex, and 

the Wiskott-Aldrich syndrome protein and scar homolog (WASH) complex (WASH1, 

Strumpellin, FAM21A/C, CCDC53, SWIP) complex interact with intracellular domains 

of cargo and sorting nexin proteins to drive receptor recycling (Simonetti and Cullen, 

2019). The retromer complex has long been known to play a major role in 

endosomal protein sorting by mediating cargo selection (Seaman, 2012a). More 

recently, retriever, a retromer-like complex, has been identified which requires the 

WASH and CCC complexes to mediate endosome localisation and functions 

(McNally and Cullen, 2018). These processes are reliant on branched actin 

networks, created through the polymerisation and nucleation of actin by Arp2/3. 

Arp2/3 is regulated by nucleation promoting factors (NPF) such as the WRC, WASH 

complex, and cortactin. WASH and cortactin are involved in the remodelling of actin 

at the endosomal surface by enhancing Arp2/3-dependent actin polymerisation 

(Chakrabarti et al., 2021). ABI3 may therefore play a role in the regulation of TREM2 
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recycling by clathrin-mediated endocytosis, as this process is driven by Arp2/3-

dependent actin remodelling, which in turn is regulated by the WRC.  

1.4 Protein Networks 

1.4.1 Protein Interactomes 

The term ‘proteome’ was first defined by Wasinger et al. (1995) to describe all 

proteins expressed by the genome of a cell. However, proteins do not exist in 

isolation. Basic biological functions within a cell are carried out via protein 

interactions, from signalling cascades to metabolic reactions, and by the creation of 

protein and enzyme complexes.  

1.4.2 Techniques to Study PPIs 

Experimental techniques to study PPIs are designed to investigate protein networks 

by capturing prey proteins (proteins which interact with the protein of interest, known 

as the bait protein). A common biochemical technique to analyse PPIs is co-

immunoprecipitation (co-IP) where antibodies against the bait protein are used to 

capture protein complexes and prey proteins are often identified by mass 

spectrometry (MS). However, as protein complexes must be maintained throughout, 

gentle lysis and wash conditions are required meaning identification of insoluble 

proteins or weak/transient interactors is difficult. To overcome this, proximity labelling 

methods can be used. Biotinylation of prey proteins is catalysed by engineered 

enzymes to label prey proteins in proximity to a fusion bait protein.  

1.4.2.1 BioID 

BioID is a proximity labelling technique developed by Roux et al. (2012) which 

utilises the strong affinity (Kd = 10-14 M) between biotin and streptavidin. The bait 

protein is a fusion protein formed of BirA and the protein of interest, which is then 

expressed in the relevant cell line. BirA is a 35 kDa protein which regulates the 

biotinylation by generating biotinoyl-5’-adenosine monophosphate (bioAMP) from 

biotin and ATP then using this activated form of biotin to biotinylate lysine residues of 

proteins (Chapman-Smith and Cronan, 1999, Roux et al., 2012). Roux et al. (2012) 

utilised a mutant form of BirA (R118G, referred to as BirA*) to biotinylate proteins 

proximal to the bait protein in live mammalian cells. BirA* prematurely releases 

bioAMP due to a reduced affinity between the enzyme and the substrate resulting in 
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increased efficiency of biotinylation (Kwon and Beckett, 2000, Kwon et al., 2000). 

After labelling, biotinylated proteins are captured from cell lysates by addition of 

streptavidin-conjugated beads and identified by MS (Figure 1.9)  

Alternative enzymes for use in biotin proximal labelling have also been produced. 

These methods include TurboID and miniTurbo, which require much shorter biotin 

incubation times (Kim et al., 2016, Branon et al., 2018, Samavarchi-Tehrani et al., 

2020). However, due to the increased affinity for biotin in these enzymes compared 

to BirA*, scavenging of biotin from cell media can occur, which may cause toxicity 

issues during the generation of stable cell lines (Samavarchi-Tehrani et al., 2020).  

The BioID technique has advantages over co-IP, primarily as PPIs and organelle 

integrity do not need to be maintained during the process. Protein complexes do not 

need to be maintained as prey proteins have been tagged during cell culture. 

(Samavarchi-Tehrani et al., 2020). BioID can also produce information on specific 

proximity relationships of protein interactors when captured proteins are analysed by 

MS. This data can be used to map interaction relationships of bait proteins from 

synthesis until cell lysis (Samavarchi-Tehrani et al., 2020). BioID can also be applied 

to in vivo studies, although exogenous biotin must be delivered to the site of interest 

in experiments with mammalian species as biotin is not synthesised endogenously 

(Dingar et al., 2015, Uezu et al., 2016). 

The main limitation of the BioID method is that it relies on expression of an 

exogenous fusion protein. This may affect the functionality or localisation of the bait 

protein and so must be assessed in each experiment (Weill et al., 2019). The cellular 

location of the fusion protein can be established through immunostaining methods to 

ascertain correct targeting of the protein (Stadler et al., 2013). Expression of bait 

proteins at near endogenous levels (produced by the generation of stable cell lines) 

may help to mitigate this problem, but verification of bait protein localisation and 

function is critical (Samavarchi-Tehrani et al., 2020). Another potential limitation of 

BioID is the biotinylation itself. As biotin is covalently bonded to lysine residues of 

interacting proteins, it is possible that the loss of charge on these sites could affect 

secondary modifications and the behaviour of the affected proteins. It should also be 

noted that this method alone cannot be used to definitively determine protein 

interaction. The labelling radius of BirA* is around 10 nm and so proteins do not have 

to physically interact with the fusion protein to become biotinylated (Kim et al., 2014).  
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Figure 1.9 BioID labels prey proteins proximal to the bait by biotinylation. (1) A fusion protein 

of the protein of interest, the modified E. coli biotin ligase BirA*, and an epitope tag are expressed 

in the relevant cell line. Validation of successful expression and localisation of the exogenous protein 

is paramount at this stage. (2) Biotin is added to the cell media and cells are incubated for at least 

16 hours. Biotinylation of proteins within 10 nm of the bait protein occurs during cell culture, therefore 

even transient interactors are likely to be labelled. (3) Cells are lysed and incubated with streptavidin-

conjugated beads. Biotinylated proteins adhere to the beads due to the formation of a high affinity 

bond between biotin and streptavidin. (4) Beads are washed to remove proteins not adhered to the 

beads. This should be any proteins in the cell lysate that were not biotinylated and therefore were 

not proximal to the protein of interest during the biotin incubation in cell culture. (5) Proteins are 

eluted through use of detergents and biotin displacement and a sample of the proteins are run on 

an SDS-PAGE electrophoresis gel to confirm capture of biotinylated proteins. (6) Elutions are 

analysed by MS to identity proteins present in the samples. Further statistical analysis ranks these 

proteins to identify high-confidence interactors of the protein of interest. See sections 2.2.1 and 2.4.1 

for full details of BioID method used in this thesis. Figure created in BioRender. 
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It is therefore most useful to use the BioID method to screen for candidate 

interactors which are either direct or indirect interactors, or proximal proteins and 

confirm physical interaction with alternative methods, such as co-IP (Roux et al., 

2012).  

1.4.3 Application of Protein Interaction Analyses to Cell Biology and Disease  

The human genome encodes many protein recognition domains highlighting the 

importance of PPIs to basic cell biology. The function of novel proteins as well as 

novel functions of known proteins have been identified by studying PPIs. This gives 

insights into cellular systems under normal physiological conditions, a key foundation 

in understanding and manipulating disease pathology. The protein interactome of the 

cystic fibrosis transmembrane conductance regulator (CFTR) protein has been 

investigated to study pathophysiological mechanisms of cystic fibrosis (CF) and 

identify druggable targets (Amaral et al., 2020). Hutt et al. (2018) compared the 

interactomes of CF causing CFTR variants using a proteomic variant approach. This 

method integrated purification affinity MS with genomic screening to study the impact 

of each variant on the disease. In the 5 variants looked at, a total of 625 interacting 

proteins were identified, 588 of which were common to all 5 variants. In total, 528 

proteins were found to have significantly different interactions with the CF-variant 

compared to wild type CFTR, 70 of which were common to all variants. Following on 

from this, Hutt et al. (2018) identified proteins which bound with high affinity to these 

CFTR variants and showed that downregulation of these binding proteins improved 

trafficking of the proteins to the plasma membrane. This suggests that targeting 

these binding proteins in patients with CF caused by these mutations may form an 

effective treatment. Comparison of the wild type CFTR and the G551D-CFTR variant 

interactomes revealed reduced interaction between the variant and proteins involved 

in trafficking, indicating that the reduced channel activity of this mutation is, at least 

partly, due to failure to traffic to and be retained at the plasma membrane. This study 

again highlights the importance of identifying protein networks in understanding how 

coding variants result in disease, revealing mechanisms that could be targeted 

therapeutically.  

Mapping protein interactions is also a key tool in combating infectious diseases. 

During the COVID-19 pandemic, the interactome of SARS-CoV-2 was investigated 
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to aid research into treatments (Gordon et al., 2020). Cellular mechanisms disrupted 

by SARS-CoV-2 were identified, highlighting potential druggable targets. Proteome 

comparisons to other known pathogens also highlighted similar pathological 

mechanisms suggesting which currently approved drugs which may assist in the 

fight against COVID19.  

In AD, PPIs have been studied in an attempt to understand the aetiology and 

pathology of the disease. Genes and signalling pathways which contribute to AD 

have been identified through these studies (Krauthammer et al., 2004, Liu et al., 

2010). Jensen et al. (2018) characterised seven protein interactions of Munc-18-

interacting 2 (Mint2, also known as X11β or Aβ A4 precursor protein-binding family A 

member 2 (APBA2)), an adaptor protein involved in amyloid pathology which 

interacts with PSEN and APP. It was discovered that the C-terminal of Mint2 

regulates protein interaction and stabilisation of the target protein. Mint1 (X11α or 

APBA1) and Mint3 (X11γ or APBA3) are also known to interact with the cytoplasmic 

domain of APP, along with the proteins Fe65 (also known as APP-binding protein 1), 

Fe65-like1, Fe65-like2, and mammalian homolog of disabled 1 (Swistowski et al., 

2009, Mueller et al., 2000, Dumanis et al., 2012). Fe65 has also been shown to 

facilitate interactions between APOE receptors and APP, providing a mechanistic 

link between APOE and amyloid pathology (Hoe et al., 2006, Trommsdorff et al., 

1998). Overexpression of Mint1 and Mint2 in transgenic mice carrying the APP 

Swedish mutation were found to have lower levels of Aβ plaques in the cortex and 

hippocampus and Mint2-/- mice show increased levels of Aβ aggregation in the 

hippocampus (Lee et al., 2003, Lee et al., 2004, Sano et al., 2006). This suggests 

that stabilisation of APP by interaction of Mint proteins inhibits production of Aβ40/42 

peptides. Mint1/2 have also been shown to interact with PSEN1, preventing 

interactions between PSEN1 and APP (Lau et al., 2000). Therefore, the stabilisation 

of APP and subsequent reduction in Aβ plaques with overexpression of Mint1/2 may 

be due to inhibition of cleavage by γ-secretases. Targeting these proteins to increase 

activity may have beneficial therapeutic effects, particularly in familial AD cases with 

known APP mutations. These studies provide useful insights into specific 

interactions of proteins known to influence AD pathology, but do not elucidate the 

overall genetic architecture of AD. Srinivasa Rao et al. (2013) described an analytical 

method to construct a PPI map for AD using data on proteins known to be involved 
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in AD pathology. 1412 interactions were predicted from 969 proteins. This method is 

hoped to aid drug development to identify pathways which can be targeted to restore 

normal cellular function. From the building of networks which map all potential PPIs 

of proteins which influence AD pathology, systematic analysis of the function and 

interactions of specific proteins in this network can uncover potential druggable 

targets and highlight pathways enriched in AD pathology.  

 

1.5 Thesis Aims and Structure 

Multiple SNPs have been identified which contribute to the risk of developing AD, 

some of which have a known mechanism of risk whilst for others this mechanism 

remains unknown. The overarching aim of this thesis was to systematically map the 

PPI network of two known risk genes for AD: Abi3 and Trem2. Comparison of the 

interactomes of wild type Abi3 and the variant Abi3-S212F (the mouse equivalent of 

the human S209F variant) may identify any differences between the normal and 

pathological protein network, leading to a greater understanding of AD pathology. 

Novel interactors identified may present new therapeutic targets and highlight 

cellular mechanisms which underlie AD pathology. The BV2 mouse microglia-like 

cell line was used as there is little PPI data from microglia despite these cells being 

highly relevant to both AD and the function of these proteins. Proteomic techniques 

have been used to determine these interactomes, primarily the proximity-labelling 

method BioID. The overall hypothesis of this thesis was that BioID is a suitable 

technique to define PPIs and study the functional effects of genetic risk variants for 

AD.  To answer this question, experiments with the following aims are outlined in this 

thesis: 

1. Define the interactome of Abi3 in microglia-like cells (Chapter 3) 

2. Define and compare the interactome of Abi3-S212F in microglia-like cells to 

the interactome of Abi3 (Chapter 4) 

3. Define the intracellular interactome of Trem2 in microglia-like cells (Chapter 5) 

Novel findings presented in this thesis are summarised and discussed in Chapter 6. 
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Chapter 2 – Methods 

2.1 Cell Biology 

2.1.1 Cell Culture 

Human embryonic kidney 293T (HEK-293T) cells were cultured in Thermo Fisher 

Scientific 25cm2 (T25) flasks in 5 ml of Dulbecco’s modified eagle medium (DMEM, 

GIBCO©, stored at 4°C and warmed to 37°C before use) with 4% (volume/volume 

(v/v)) foetal bovine serum (FBS) and 2% (v/v) L-glutamine. BV2 cells were cultured 

in T25 flasks in 25 ml Roswell Park Memorial Institute 1640 medium (RPMI, 

GIBCO©, stored at 4°C and warmed to 37°C before use) with 10% (v/v) FBS and 2% 

(v/v) L-glutamine. Cultures were incubated in a humidified atmosphere of 5% CO2 

and 95% air at 37°C. Cells were passaged at around 80% confluence to maintain 

healthy, viable cultures. During passage media was removed and, in the case of BV2 

cells, RPMI media was centrifuged at 1000 rpm for 3 min to collect detached cells. 

To detach adherent cells, 3 ml of Accutase © (Sigma-Aldrich) was added and cells 

were incubated for 5 min at 37°C. Detachment of adhered cells was verified via 

microscope and Accutase© was inactivated by addition of 3 ml of media. Cells were 

then centrifuged at 1000 rpm for 3 min at room temperature to form a pellet. The 

supernatant was removed, and all pellets were resuspended in 10 ml of fresh 

medium. Cells were then counted using a haemocytometer and seeded at an 

appropriate density in the appropriate medium in new flasks. The amount of medium 

was dependent on flask size (Table 2.1). 

 

Table 2.1 Cell culture seeding densities and volumes for culture reagents. 

Flask Type 
Seeding 

Density 

Cell Density at 

Confluency  

Volume of 

Medium (ml) 

Volume of 

Accutase© 

(ml) 

T-25 (25cm2) 0.7 x 106 2.8 x 106 5 3 

T-75 (75cm2) 2.1 x 106 8.4 x 106 10 5 

T-175 (175cm2) 0.7 x 106 23.3 x 106 25 17 
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2.1.1.1 Transient Transfection of HEK-293T Cells 

On day 1, cells were seeded at a density of 500,000 cells per well in 1.5 ml DMEM, 

with 4% FBS in a six-well plate. Cells were incubated at 37°C to grow to a 

confluence of around 70% for approximately 24 h. On day 2, cells were transfected 

with an appropriate amount of plasmid DNA using Lipofectamine© 2000 (Lipo2000) 

Transfection Reagent (Invitrogen). Per transfection, plasmid DNA and Lipo2000 was 

added in a 1:3 ratio to the appropriate amount of Opti-MEM© Reduced Serum 

Medium (GIBCO) to create a transfection mix of 150 µl (10% of total media volume). 

Transfection mixes were then left at room temperature for 20 min to allow the 

plasmids to be taken up by the lipid. The mix was then added directly to each well. 

The plate was then incubated overnight at 37°C.  

2.1.1.2 Generation of BV2 Stable Cell Lines 

Plasmids were designed and packaged into a lentivirus vector by VectorBuilder 

(VectorBuilder Inc, Chicago, IL; see sections 3.2.1, 4.2.1, and 5.2.1 for plasmid 

details and vector maps). On day 0, BV2 cells were seeded in a 6-well plate at a 

density of 250,000 cells per well in RPMI media with 10% FBS. On day 1, media was 

changed to RPMI with 10% FBS containing the appropriate amount of lentivirus with 

5 µg/ml polybrene and incubated at 37°C, 5% CO2 for 24 h. For a multiplicity of 

infection (MOI) of 20 from a virus titre of 108 TU/ml, 50 µl of virus contained 5x106 

viral particles. On day 2 media was changed to fresh RPMI with 10% FBS to remove 

polybrene. Selection began on day 3 with 5 µg/ml puromycin per well and continued 

until green fluorescent protein (GFP) expression remained consistent. At this point 

the polyclonal lines were expanded, frozen at -80°C for long term storage, and 

culture continued as described in section 2.1.1 with the addition of 2.5 µg/ml 

puromycin and 1% penicillin/streptomycin to the media.  

 

2.2 Protein Analysis 

2.2.1 Sample Preparation for Protein Analysis 

Western Blot 

Media was removed from cells, and cells were washed in phosphate-buffered saline 
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(PBS) prior to lysis in 100 µl SDS-sample buffer (0.125 M Tris pH 6.8, 4% sodium 

dodecyl sulphate (SDS), 20% (v/v) glycerol, 5% (v/v) β-mercaptoethanol, 0.001 

(weight/volume (w/v)) bromophenol blue). A cell scraper was used to break up the 

viscous material formed after lysis, allowing the lysate to be pipetted into a 1.5 ml 

microcentrifuge tube. Lysates were stored at -20°C for long term storage. 

Immunocytochemistry  

Cells were grown on 3-triethoxysilylpropylamine (TESPA) coated coverslips (22 mm 

x 22 mm) in 35 mm TC-treated culture dishes (Corning) at a density of 250,000 cells 

per well in appropriate media and incubated at 37°C to grow to a confluence of 

around 70% for approximately 24 h. Medium was removed and cells were fixed for 

10 min in 2 ml 3.7% formal saline (150 mM NaCl, 90% H2O, 3.7% (v/v) 

formaldehyde). After fixing, cells were incubated in 2 ml 100% ethanol to aid fixing 

then washed with PBS for 5 min. Coverslips were either processed for 

immunocytochemistry immediately or stored in 2 ml sucrose storage medium (125 

mM sucrose, 1.62 mM MgCl, 25% (v/v) PBS, 25% (v/v) glycerol) at -20°C.  

BioID 

BV2 stable cell lines were grown to full confluency in two T-175 cell culture flasks per 

cell line in RPMI media with 10% (v/v) FBS. Biotin (Sigma-Aldrich) was added to the 

media to make a final concentration of 50 µM and cells were incubated at 37°C for a 

further 12-16 h. Media was then removed and centrifuged at 1000 rpm for 3 min to 

collect suspended cells while adherent cells were detached with Accutase and 

centrifuged at 1000 rpm for 3 min in cold PBS. All cell pellets were resuspended 

combined in cold PBS and incubated on ice for 5 min to slow biotinylation reactions, 

then pelleted again by centrifugation. Cells were washed a total of 3 times by 

resuspension in cold PBS and centrifugation to remove excess biotin. Cells were 

then lysed in 1 ml 1x lysis buffer (Cell Signal Technology 10x; 20 mM Tris-HCl, 150 

mM NaCl, 1 mM Ethylenediaminetetraacetic acid disodium salt dehydrate 

(Na2EDTA), 1 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 

(EGTA), 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 

mM Na3VO4, 1µg/ml leupeptin, additional 0.4% SDS). Lysates were stored in 1.5 ml 

microcentrifuge tubes and either stored at -20°C for long term storage or immediately 

processed for capture of biotinylated proteins by BioID. 
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2.2.2 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis  

For western blot or Coomassie staining, samples were separated on 12% (v/v) 

acrylamide gels by Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis 

(SDS-PAGE) using a Mini-PROTEAN© Treat System (Bio-Rad). The resolving gel 

contained 1.5 M Tris pH 8.8, 12% (v/v) acrylamide (30% (w/v) acrylamide, 0.8% bis-

acrylamide stock solution (37.5:1)), 0.1% (w/v) SDS, 0.075% (w/v) ammonium 

persulphate (APS) and 0.06% N,N,N’,N-Tetramethylethylenediamine (TEMED). The 

gel was left under a layer of distilled water to polymerise to exclude air from the gel 

and allow for a smooth surface. The stacking gel was then prepared containing 1.5 

M Tris pH 6.8, 5% (v/v) acrylamide (30% (w/v) acrylamide, 0.8% bis-acrylamide 

stock solution (37.5:1)), 0.1% (w/v) SDS, 0.1% (w/v) APS, 0.1% (v/v) TEMED. The 

stacking gel was then poured onto the set resolving gel after the distilled water layer 

was removed. A comb was directly inserted into the stacking gel and left to 

polymerise at room temperature. Prior to loading, samples were heated to 95°C for 5 

min and sonicated if required using a UP50H Ultrasonic Processor. As a protein 

standard, a Precision Plus Dual Xtra (Bio-Rad) protein ladder was used. Gels were 

secured into a tetra cell which was placed in a tank then submerged in 1X SDS-

PAGE running buffer (10x: 0.25 M Tris base, 1.92 M glycine, 0.1% (w/v) SDS, pH 

8.3). Gels were run at 150 V for approximately 75 min.  

Sample were prepared for mass spectrometry, by separation on NuPAGE™ 4 to 

12%, bis-Tris, 1.0 mm, Mini Protein Gels (Thermo Fisher Scientific) using an XCell 

SureLock Mini-Cell Electrophoresis System (Thermo Fisher Scientific). Samples 

containing biotinylated protein after elution from streptavidin beads (as verified by 

western blotting) were run for a total of 15 min in 1x NuPAGETM MOPS SDS running 

buffer (Thermo Fisher Scientific).  

2.2.3 Western Blot 

In order to detect specific proteins with antibodies, following SDS-PAGE gel 

electrophoresis, proteins were transferred to a 0.2 µm pore size nitrocellulose 

membrane (AmershamTM ProtranTM) for 1 h at 100 V in transfer buffer (25 mM Tris-

base, 192 mM glycine, 20% (v/v) methanol) using the Mini Trans-Blot© 

Electrophoretic Transfer Cell (Bio-Rad). For western blots not requiring biotin or 
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streptavidin, membranes were blocked in 5% (w/v) dried skimmed milk powder 

(Marvel) in 1x Tris-buffered saline with Tween (10x TBST; 100 mM Tris-Base, 1 M 

NaCl, 0.5% (v/v) Tween 20, pH 7.6) for 1 h. For BioID experiments, membranes 

were blocked in 2.5% (w/v) bovine serum albumin (BSA, Sigma) in 1x TBST for 30 

min. BSA was chosen over dried milk powder to block membranes in BioID 

experiments to avoid contamination of the membrane with endogenous biotin from 

milk. Blocking with non-fat dry milk has also been reported to inhibit biotin-

streptavidin interactions (Pillai-Kastoori et al., 2020). Blocking steps were performed 

to prevent non-specific binding and reduce background signal by blocking 

unoccupied sites on the membrane prior to antibody incubation. Membranes were 

then washed in 1x TBST and incubated with either streptavidin IR800CW (LI-COR 

Biosciences, 1:10000) in 5 ml 1x TBST, 2.5% (w/v) BSA and 0.1% (w/v) SDS or 

appropriate primary antibody (Table 2.2) in 1% (w/v) dried skimmed milk powder in 

1x TBST. All membranes were incubated overnight at 4°C with 1 h incubation at 

room temperature. When incubating with streptavidin, blots were kept in the dark 

from this stage on. For addition of secondary antibodies, blots were washed in 1x 

TBST for 5 min, 3 times, then incubated with appropriate secondary antibody for 1 h 

(Table 2.2). All blots were then washed in 1x TBST for 30 min and visualised with the 

two-colour Odyssey© Infrared Imaging System (LI-COR Biosciences). 

2.2.4 Coomassie Staining 

Coomassie blue staining was used to directly visualise proteins separated by SDS-

PAGE. Following electrophoresis, the gel was directly stained with Coomassie blue 

stain (0.025% (w/v) Coomassie Brilliant Blue R, 40% (v/v) methanol, 7% (v/v) acetic 

acid) for 40 min at room temperature on a platform shaker. The gel was then de-

stained for at least 1 h in 40% (v/v) methanol, 10% (v/v) acetic acid at room 

temperature. Gels were imaged using a Molecular Imager® Gel Doc™ XR+ Imaging 

System (BioRad) or two-colour Odyssey© Infrared Imaging System (LI-COR 

Biosciences).  

For mass spectrometry analysis, NuPAGETM gels were fixed in 50% methanol and 

7% acetic acid for 15 min. Gels were then washed in dH2O and stained with 

GelCodeTM Blue Stain Reagent (Thermo Fisher Scientific) for 1 h followed by de-

staining in dH2O overnight.  
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2.2.5 Immunocytochemistry 

Cells were fixed on coverslips with a PFA fix as described above. If stored in sucrose 

storage medium, cells were washed in PBS 3 times. Cells were permeabilised with 

0.2% Triton X-100 for 15 min. Coverslips were then washed three times in PBS, 

dipped in 0.02% Tween-20, then incubated with the appropriate primary antibody 

(Table 2.2) overnight in a humidified chamber. Coverslips were then washed 3 times 

in PBS and incubated with the appropriate secondary antibody (Table 2.2) for 1 h in 

a dark, humidified chamber. Cells were then washed 3 times in PBS then mounted 

onto slides using DAPI-Vectashield® mounting medium (Vector Laboratories). 

Coverslips were sealed and slides left to dry. Coverslips were visualised and images 

captured using the Leica TCS SP8 confocal microscope (Leica Microsystem) with a 

40x oil immersion objective. The pinhole was set at 1 AU (Airy Unit) for all channels 

giving an optical slice thickness of approximately 0.89 µm. Excitation, beamsplitter, 

and emission collection settings varied by channel (Table 2.3). Emission collection in 

all channels was via photomultiplier tube. Images were processed to create merged 

figures in ImageJ (Schindelin et al., 2012). 
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Table 2.2 Antibodies and probes used in this thesis. 

Marker Fluorophore Assay and Dilution Type Dilution Species Source 

Streptavidin  IRDye 800CW Western blot (1:10000) Primary 1:10000 N/A Li-cor  

926-32230 

Anti-myc  N/A Western blot (1:20) Primary 1:20 Mouse 

monoclonal 

In house 9E10 from 

Professor Derek Blake 

Anti-mouse Alexa Fluor 680 Western blot (1:15000) Secondary 1:15000 Donkey 

polyclonal 

Thermo Fisher 

Scientific 

A10038 

Anti-mouse Alexa Fluor 800 Western blot (1:15000) Secondary 1:15000 Donkey 

polyclonal 

Thermo Fisher 

Scientific 

A32730 

Anti-rabbit Alexa Fluor 568 Immunocytochemistry 

(1:1000) 

Secondary 1:1000 Donkey 

polyclonal 

Thermo Fisher 

Scientific A11011 

Anti-rabbit Alexa Fluor 680 Western Blot 

(1:15000) 

Secondary  1:15000 Goat polyclonal Thermo Fisher 

Scientific A21109 

Anti-mouse Alexa Fluor 594 Immunocytochemistry 

(1:1000) 

Secondary 1:1000 Goat polyclonal Abcam ab150120 

Anti-HA N/A Western Blot (1:1000) Primary 1:1000 Mouse 

monoclonal 

Biolegend 901501 
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Immunocytochemistry 

(1:1000) 

Anti-FLAG N/A Western Blot (1:1000) Primary 1:1000 Mouse 

monoclonal 

Merck 

F1804 

 

Table 2.3. Leica TCS SP8 confocal microscope setting for DAPI, A488, and A568 channels.  

Channel Colour Excitation Beamsplitter Emission Collection 

Laser (nm) Intensity* (%) nm Gain 

DAPI Blue 405 31.8 Reflector 421–610 804 

A488 Green 488 24.5 DD 488/522 501–702 804 

A568 Red 552 69.3 DD 488/552 562–740 800 

*Intensity measures are estimates based on metadata of images captures and known laser intensities of the Leica TCS SP8 microscope at first 

ever use. 
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2.3 Plasmid Preparation 

2.3.1 Plasmid Vectors  

Plasmid vectors used for cloning are described in Table 2.4. 

Table 2.4 Details of plasmid vectors used for DNA cloning and expression. Details of the 

BioID expression constructs and vector maps can be found in the relevant chapters (Abi3: 

Section 3.2.1, Abi3-S212F: Section 4.2.1, Trem2: Section 5.2.1). 

Vector Backbone Description 
Antibiotic 

Selection 

pLV[Exp]-EGFP-

mPGK 

Mammalian gene expression lentiviral vector with 

EGFP. Lentiviral vectors are derived from the 

retrovirus HIV and are constructed as a plasmid in 

E. coli then transfected into packaging cells to 

produce viral particles. Vector DNA, located 

between two long terminal repeats (LTRs,) is 

transcribed into RNA. When the virus is added to 

target cells, the RNA is shuttled into the cells 

where it is turned into DNA by reverse 

transcription. This DNA is randomly integrated 

into the host genome. Any genes between the 

LTRs during vector cloning inserted into host DNA 

with the rest of viral genome. 

Puromycin 

pcDNA3.1+ A mammalian expression vector derived from 

pcDNA3 and designed for stable and transient 

expression in mammalian cell lines. The vector 

contains the CMV promoter, a multiple cloning 

site, BGH pA/SV40 pA to terminate transcription, 

neomycin and ampicillin resistance, and pUC 

origin of replication to produce high copy 

numbers. 

Ampicillin 
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2.3.2 Plasmid Construction 

All plasmids were constructed by Genscript Biotech Corp (Piscataway, NJ) or 

Vectorbuilder (VectorBuilder Inc, Chicago, IL). Constructs are detailed in Table 2.5.  

2.3.3 Plasmid DNA Isolation 

Bacterial cultures were made from glycerol stocks of DH5α E. coli transformed with 

the appropriate plasmid and contained 5 ml LB and the appropriate antibiotic. 

Plasmid DNA was isolated from the cultures using Monarch® Plasmid Miniprep Kit 

(New England Biolabs), following the manufacturer’s instructions. DNA was 

subsequently quantified using a Nanodrop spectrophotometer (DeNovix® DS-11 

FX+) and stored at -20°C.  
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Table 2.5 Constructs used in BioID and interactor validation. 

Construct Species Insert Vector Restriction Sites Construction Use 

HA-BirA* Mouse Full BirA* sequence with N-

terminus HA tag 

Mammalian gene 

expression lentiviral 

vector  

N/A Constructed by 

VectorBuilder 

Stable cell line 

generation for BioID 

HA-BirA*-

Abi3 

Mouse Full Abi3 sequence fused to 

the N-terminus to the C-

terminus of BirA*, the N-

terminus of which was fused 

to an HA tag 

The biotin ligase was fused 

to the N-terminus of Abi3 so 

as not to interfere with the 

SH3 domain, a major 

interaction site 

Mammalian gene 

expression lentiviral 

vector  

N/A Constructed by 

VectorBuilder 

Stable cell line 

generation for BioID 

HA-BirA*-

Abi3S212F 

Mouse Full Abi3S212F sequence 

fused to the C-terminus of 

BirA*, the N-terminus of 

which was fused to an HA 

tag 

Mammalian gene 

expression lentiviral 

vector  

N/A Constructed by 

VectorBuilder 

Stable cell line 

generation for BioID 
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Trem2-

BirA*-HA 

Mouse Full Trem2 sequence fused 

at the C-terminus to the N-

terminus of BirA*, the C-

terminus of which was fused 

to a HA tag 

The biotin ligase was fused 

to the C-terminus of Trem2 

to ensure biotinylation of 

intracellular signalling 

partners 

Mammalian gene 

expression lentiviral 

vector  

N/A Constructed by 

VectorBuilder 

Stable cell line 

generation for BioID 

Myc-Abi3 Mouse Full length Abi3 sequence 

with N-terminus myc tag 

pcDNA3.1 EcoRI/SalI Constructed by 

Genscript 

Immunoprecipitation 

for interaction 

validation 

Trem2-myc Mouse Full length Trem2 sequence 

with C-terminus myc tag 

pcDNA3.1 EcoRI/SalI Constructed by 

Genscript 

Immunoprecipitation 

for interaction 

validation 

Cep170-

FLAG 

Mouse Full length Cep170 

sequence with C-terminus 

flag tag 

pcDNA3.1 EcoRI/SalI Constructed by 

Genscript 

Immunoprecipitation 

for interaction 

validation 

Dap12-

FLAG 

Mouse Full length Dap12 sequence 

with C-terminus flag tag 

pcDNA3.1 EcoRI/SalI Constructed by 

Genscript 

Immunoprecipitation 

for interaction 

validation 
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2.4 Proteomics 

2.4.1 Biotin-Affinity Capture 

After cell lysis, 10% of each sample was saved and stored at -20°C as an input 

sample. Triton X-100 (Sigma-Aldrich) was added to the remainder of the lysates 

(final concentration 1%) and lysates were sonicated for 2 sessions using a UP50H 

Ultrasonic Processor. Samples were kept on ice for 2 min between sessions. 

Samples were then diluted 1:2 with cold lysis buffer to create optimal conditions for 

affinity capture. Samples then underwent a final session of sonication and were 

centrifuged for 10 min at 16,500 g at 4°C. Meanwhile, 25 µl of the stock of 

streptavidin-conjugated beads (Dynabeads™ MyOne™ Streptavidin C1, Thermo 

Fisher Scientific) per condition was washed in 1 ml lysis buffer. Beads were then 

resuspended in cleared supernatant and rotated overnight at 4°C to allow for 

streptavidin-biotin binding. Samples were placed in a magnet rack for 1 min and 

supernatant was collected without disturbing the beads. Beads were resuspended in 

1 ml of 50 mM Tris with 2% SDS, rotated for 8 min, then placed on the magnet for 1 

min and supernatant removed. Samples were then washed 3 times with 1 ml lysis 

buffer and underwent a final wash in 1 ml 50 mM Tris. The washing buffer was 

removed and the remaining pellet was resuspended in 50 µl of elution buffer (4x 

Laemmli buffer (4% SDS 20% glycerol 0.004% bromphenol blue 0.125M Tris-Cl, pH 

6.8 10% 2-mercaptoethanol), 50 mM tris(2-carboxyethyl)phosphine (TCEP), 2 mM 

biotin) per condition. The elution step was repeated a further three times 

sequentially, to obtain a total of four subsequent elution samples to assess elution 

efficiency. All samples were stored at -20°C.  

2.4.2 Mass Spectrometry 

After gel electrophoresis and staining with GelCodeTM Blue, bands were excised 

from the gel with a sterile razor blade, stored in 1.5 ml microcentrifuge tubes, and 

sent to the Fingerprints Proteomics Facility at the University of Dundee for MS. 

2.4.3 Immunoprecipitation 

HEK-293T cells were transfected with the appropriate plasmids (see Table 2.5) in 6-

well plates and 24 h later were washed with 1 ml of ice-cold PBS. Cells were then 

lysed in 1.2 ml radioimmunoprecipitation assay (RIPA) buffer (150 mM NaCl, 50 mM 
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Tris pH 8.0, 1% (v/v) Triton X-100, 0.5% (w/v) sodium deoxycholate, EDTA-free 

protease inhibitors). Lysates were passed through a 23G hypodermic needle then 

centrifuged at 13,000 rpm for 10 min at 4°C to remove cell debris. 50 µl of each 

lysate was saved and stored at -20°C as an input sample. Meanwhile, 20 µl per 

sample of Anti-FLAG® M2 magnetic beads (M8823, Sigma) were washed in 1 ml 

RIPA buffer and resuspended in 50 µl RIPA buffer with protease inhibitors. 50 µl of 

beads were then added to each sample and incubated overnight at 4°C with rotation. 

The next day, the beads were recovered with a magnet and 50 µl of the supernatant 

from each sample was retained to assess efficiency of capture. Beads were then 

washed four times in 300 µl RIPA buffer with protease inhibitors. Reducing buffer (1x 

NUPAGE LDS sample buffer; 4x: 106 mM Tris HCL, 141 mM Tris Base, 2% LDS, 

10% Glycerol, 0.51 mM EDTA, 0.22 mM SERVA Blue G250, 0.175 mM Phenol Red, 

+ 50 mM TCEP) was added to each sample (input/wash sample: 50 µl, recovered 

beads: 70 µl). All samples were then boiled for 5 min at 95°C and eluted proteins 

isolated by recovery of magnetic beads and supernatant transferred to new 1.5 ml 

microcentrifuge tubes. Samples were taken immediately for SDS-PAGE western blot 

analysis. 

 

2.5 Bioinformatics 

2.5.1 General 

Gene and protein sequences were obtained from the National Center for 

Biotechnology Information (NCBI) databases. Nucleotide and protein sequence 

alignment were performed with Clustal Omega (Madeira et al., 2019) and Jalview v. 

2.11.2.4 (Waterhouse et al., 2009). DNA to protein translation was carried out with 

ExPASy (Expert Protein Analysis System) proteomic server from the Swiss Institute 

of Bioinformatic (http://www.expasy.org/). Protein/peptide molecular weight and DNA 

reverse strand prediction was carried out with the Sequence Manipulation Suite 

(http://www.bioinformatics.org/sms) (Stothard, 2000).  

2.5.2 Mass Spectrometry Data Analysis 

Previously known protein interactors were obtained from the NCBI database, which 

collates interaction data from other databases including the BioGRID and the Human 

Protein Reference Database (HRPD). RStudio (R Core Team, 2022) ("Spotted 
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Wakerobin" Release (7872775e 2022-07-22) for Windows, R version 4.2.1 (2022-06-

23 “Funny-Looking Kid”)) was used to sort and filter the data with the dplyr 

package. Data were visualised in plots and charts created in RStudio: bubble plots 

with the ggplot package and UpSet plots with the UpSetR package. Venn 

diagrams were created with DeepVenn (Hulsen, 2022, Preprint). 

2.5.2.1 Filtering Methods 

Both true interactors and contaminating proteins are pulled down during BioID 

experiments therefore comparison to proteins captured in the BirA* control 

experiments is crucial. Using the Abi3 dataset, two filtering approaches were 

investigated as methods to determine putative interactors.  

The hard filter method assumed any protein identified in the control data is a 

background contaminant and therefore not a true interactor of Abi3. Proteins from 

each Abi3 BioID replicate were filtered against the BirA control data, resulting in a list 

of 5 putative interactors of Abi3. However, labelling of proximal proteins in BioID 

occurs in live cell culture and both the Abi3 and BirA fusion proteins are expressed in 

the same cellular compartments. It is therefore possible that proteins which interact 

with Abi3 may also be in proximity of BirA only and therefore appear in both 

datasets. A filtering method which takes relative abundance of proteins between the 

two datasets was therefore required. 

The Significance Analysis of INTeratome (SAINTexpress v3.4) (Teo et al., 2014) is a 

statistical method which scores protein-protein interaction data from affinity 

purification MS experiments. The probability of prey proteins being ‘true’ interactors 

is based on the relative abundance of each protein in each dataset. A putative 

interactor must appear in the Abi3 data at a significantly higher level than the control 

data. This is determined by the fold change, which is calculated by dividing the 

average spectral count of each interaction in the Abi3 data by the average spectral 

count of the corresponding interaction in the control. Based on the fold-change, a 

SAINT score is assigned to each prey protein and, along with the fold change, is 

then used to estimate the Bayesian false discovery rate (BFDR). Here, proteins with 

a BFDR < 0.05 were considered to be putative interactors of Abi3. Using this 

method, 10 proteins were identified as putative interactors.  

As expected, the SAINTexpress method identified more putative interactors (10) 

compared to the hard filtering method (5) and 100% of the proteins identified with the 
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hard filtering were also identified by SAINTexpress. Both methods therefore identify 

similar proteins of interest as interactors of Abi3. However, due to the mechanism of 

BioID, the SAINTexpress method is more advantageous as proteins which are at a 

low level of abundance in the BirA control data are not automatically excluded from 

the analysis. This method has also been utilised by a number of previous studies 

analysing BioID data (Coyaud et al., 2015, Dingar et al., 2015, Khan et al., 2018, 

Madeira et al., 2019, Qiu et al., 2021). SAINTexpress was therefore used as the final 

filtering methods of Abi3 (section 3.2.3.1), Abi3-S212F (section 4.2.3.1), and Trem2 

(section 5.2.3.1) BioID data.  

2.5.2.2 STRING and Metascape 

To investigate known functional relationships between the putative interactors 

identified by SAINTexpress, the Search Tool for the Retrieval of Interacting 

Genes/Proteins (STRING) database (v11.5, https://string-db.org/) and Metascape 

(https://metascape.org/) databases were used. Networks of the putative interactors, 

as well as the known interaction network of the bait proteins, were visualised with 

STRING. Over 25 million physical and functional associations between known and 

predicted PPIs are stored in the STRING database, collected from five main sources: 

genomic context predictions, high-throughput lab experiments, (conserved) co-

expression, automated text mining, and other databases (Szklarczyk et al., 2021). 

For this analysis, physical interaction data from high-throughput lab experiments and 

other databases were used as prediction methods, with a medium confidence 

threshold (0.4). All proteins were also converted to their human orthologues as there 

is a greater availability of complete data and PPIs are relatively well conserved 

between species (Pérez-Bercoff et al., 2013, Qian et al., 2011, Sharan et al., 2005).  

Biological functions of the putative interactors were investigated using Metascape’s 

gene ontology enrichment analysis (Zhou et al., 2019). Gene ontology terms which 

are over-represented within a set of genes determine which biological processes 

these genes are likely involved in. The analysis uses 11 ontology sources to 

determine the biological processes enriched within a dataset: KEGG Pathway, GO 

Biological Processes, Reactome Gene Sets, Canonical Pathways, CORUM, 

TRRUST, DisGeNET, PaGenBase, Transcription Factor Targets, WikiPathways and 

COVID. All genes in the genome were used as the enrichment background. Terms 

with a p-value <0.01, a minimum count of three, and an enrichment factor of >1.5 

https://string-db.org/
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(the ratio between the observed counts and the counts expected by chance) are 

grouped into clusters based on their similarities. The cluster was represented by the 

most statistically significant term.  

2.5.2.3 Statistical Analysis 

Normality of data was determined with Kolmogorov-Smirnov tests. All data were 

found to be non-normally distributed. Non-parametric tests were therefore used to 

determine significant differences in the data. Differences in spectral counts of 

putative interactors between genotypes were analysed by Mann Whitney U tests with 

a 1% false detection rate in GraphPad Prism. Differences were determined to be 

statistically significant at p<0.05. Graphs to visualise the differences in spectral count 

of putative interactors were created with GraphPad Prism. 
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Chapter 3 – Investigation of the Abi3 Protein Interactome  

3.1 Introduction 

3.1.1 Abi3 

ABI3 encodes the cytoplasmic protein Abl interacting protein 3 (referred to from here 

on as ABI3, or Abi3 when referring to the mouse protein) and is highly expressed in 

microglia (Satoh et al., 2017, Zhang et al., 2014b). The exact molecular function of 

ABI3 is unknown but it is expected to play a role in the WRC due to the similarities 

with its paralogues ABI1 and ABI2 (Sekino et al., 2015). As discussed in section 

1.3.3, ABI3 is known to influence cell motility in cancer cell lines via the WRC (Latini 

et al., 2011, Sekino et al., 2015). In AD, ABI3-positive microglia have been found to 

cluster around Aβ plaques while the ABI3-S209F variant is associated with increased 

risk of AD (Satoh et al., 2017, Sims et al., 2017). In AD mouse models, Abi3 

knockout has been found to exacerbate amyloid pathology and impair microglial 

migration and phagocytosis (Karahan et al., 2021). The biochemical mechanism of 

how this variant influences AD pathology is unknown but may be mediated by 

disruption to WRC signalling. Elucidating the protein interactome of wild type Abi3 in 

microglia will provide evidence for the function of Abi3 under normal physiological 

conditions, which can then be used as a foundation when investigating the influence 

of risk variants. 

RNA sequencing data for both mouse and human primary cells show high levels of 

Abi3 expression in microglia compared to other CNS cell types (mouse data shown 

in Figure 3.1a) (Zhang et al., 2014b). As discussed in section 1.2.3, BV2 cells are a 

murine microglia-like immortalised cell line. Immortalised cell lines are ideal for 

proteomic studies due to their rapid proliferation rate and ease of culture. Although 

immortalisation does raise questions of the suitability of these cell lines as a 

substitute for primary microglia, BV2 cells are well characterised and deemed a valid 

in vitro microglial model (Henn et al., 2009). Expression of Abi3 in BV2 cells has 

been confirmed by RNA sequencing and so they are a suitable model for 

investigating the protein interactome of microglial Abi3 (Figure 3.1b) (Carrillo-

Jimenez et al., 2019).  
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The protein interactome of Abi3 was elucidated with the proximity labelling method 

BioID (a full explanation of this technique is detailed in section 1.4.1). BioID has 

several advantages over AP-MS. Firstly there is no requirement to maintain PPI 

integrity meaning harsh lysis and wash conditions can be used. BioID is therefore 

well suited to investigating the interactomes of both plasma membrane-associated 

and cytoskeletal proteins which can be difficult to solubilise. Secondly, there is no 

reliance on a high-quality antibody against the protein of interest. Cross-reactivity, 

the non-specific binding of antibodies to seemingly unrelated proteins, contributes to 

the difficulty in replicating results when using these techniques. It is critical that only 

the intended bait protein and any physically interacting prey proteins are captured. 

As BioID is an antibody-free technique, this limitation of more traditional protein 

interactor capture methods is eliminated. 

 

Figure 3.1 Expression of Abi proteins in neural and glial cell types. A) Heat map of RNA sequencing 

data from Zhang et al. (2014b) showing relative expression of Abi proteins in different neural cell types. 

Abi3 is most highly expressed in microglia/macrophages compared to other cell types as well as to Abi1 

and Abi2. B) RNA sequencing data from Carrillo-Jimenez et al. (2019) was replotted and confirms 

expression of Abi3 in BV2 cells. FPKM: Fragments Per Kilobase of transcript per Million fragments 

mapped. 
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3.1.2 Aims 

The aim of the work covered in this chapter was to validate BioID as a suitable 

method to investigate protein interactions and define the protein interactome of Abi3 

in BV2 cells. This was achieved by the generation of two stable BV2 cell lines 

expressing HA-BirA* and HA-BirA*-Abi3 fusion proteins. The lines were validated by 

immunocytochemical and western blot analysis to confirm expression and 

localisation of the fusion protein. Proximal proteins were captured by BioID and 

identified by MS then filtered to identify putative Abi3 interactors.  

 

3.2 Results 

3.2.1 Generation and Validation of BV2 Cells Stably Expressing HA-BirA* and 

HA-BirA*-Abi3  

BV2 cells stably expressing BioID fusion proteins HA-BirA* or HA-BirA*-Abi3 were 

generated by lentiviral transduction (Figure 3.2). Fusion proteins and the puromycin 

resistance gene were expressed under the control of the mouse phosphoglycerate 

kinase 1 (mPGK1) promoter. The mPGK1 promoter has relatively low expression 

levels but these levels are fairly consistent between cell types (Qin et al., 2010). An 

internal ribosome entry site (IRES) preceding the puromycin resistance gene allows 

for translation of the mRNA independent of the 5’ cap. The presence of an IRES in 

the untranslated regions of the mRNA causes IRES trans-acting factors to recruit 

ribosome 40S downstream of the 5’ cap and eukaryotic translation initiation factor 

(eIF) 4F recruitment of ribosome 40S (Figure 3.3). This ensured that both the HA-

BirA* or HA-BirA*-Abi3 and puromycin resistance genes could be expressed under 

the same promoter (Renaud-Gabardos et al., 2015). The viral vector also contained 

GFP, expressed under the control of the human cytomegalovirus (CMV) promoter. 

The CMV promoter shows varied expression levels between cell types but 

expression levels are generally high (Qin et al., 2010). The full DNA sequences 

encoding the fusion proteins can be found in appendix 1.  

Successful lentiviral transduction was validated by expression of GFP in BV2 cells 

and the expression and localisation of the fusion proteins were assessed by 

immunocytochemical staining of the protein containing the HA epitope (Figure 3.4a). 

In both the BirA* control and Abi3 BV2 cell lines, HA was located in the cytoplasm of 
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GFP positive cells and did not overlap with nuclear DAPI staining. This is consistent 

with reports of the location of endogenous Abi3 in the literature suggesting the fusion 

protein targeted the same cellular compartment as endogenous Abi3 (Satoh et al., 

2017). The percentage of cells expressing HA-BirA*-Abi3 appeared to be lower than 

the proportion of cells expressing HA-BirA*. Not all GFP positive cells appeared to 

express the HA epitope. This may be because the GFP and HA-BirA*/HA-BirA*-Abi3 

genes were expressed under different promotors. It was decided that the fusion 

protein genes should be expressed under the same promotor as the puromycin gene 

rather than GFP as cell selection was achieved by resistance to puromycin. 

Expression and proper biotinylation functioning of the biotin ligase in both lines was 

assessed via western blot using fluorophore-conjugated streptavidin to label 

biotinylated proteins (Figure 3.4b). Streptavidin labelling was successful in both cell 

lines. The highest levels of fluorescence were seen in the elution 1 samples, 

confirming enrichment of biotinylated proteins after pull-down and efficient removal of 

proteins from the streptavidin beads in the first elution. Low fluorescence in the 

unbound protein samples suggest successful capture of the majority of biotinylated 

proteins during incubation with streptavidin beads. The high fluorescent bands at 

approximately 75 kDa and 125–150 kDa likely represent the endogenously 

biotinylated carboxylases β-methylcrotonyl-CoA carboxylase (72 kDa), propionyl-

CoA-carboxylase (74 kDa), and pyruvate carboxylase (128 kDa) (Grant et al., 2019). 

These results suggest successful expression of both exogenous proteins and fully 

functioning BirA*. 
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Figure 3.2 Schematics of structure of lentiviral vectors and fusion 

proteins. A) Lentiviral vectors were used to transduce the sequences of 

fusion proteins expressed in the BirA* control (i) and Abi3 (ii) stable BV2 

cell lines. BirA* is the mutated form of the E. coli biotin ligase BirA* which 

prematurely releases bioAMP, resulting in promiscuous biotinylation of 

surrounding proteins. B) The BioID proteins were designed with an HA 

epitope joined to the N-terminus of the BirA* sequence via a linker. In the 

Abi3 fusion protein the HA-BirA* sequence was joined to the N-terminus of 

full length Abi3, also via a linker. 
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Figure 3.3 Mechanism of cap-dependent and IRES-dependent initiation of translation. Cap-dependent 

initiation of translation requires the recruitment of ribosome 40S by initiation factor 4F (eIF-4F) at the 5’ cap of 

the mRNA, and ribosome 60S when the start codon is recognised. Protein synthesis continues until the stop 

codon is recognised and a protein is produced. An internal ribosome entry site (IRES) located in an 

untranslated region of mRNA also recruits ribosome 40S and initiates protein synthesis via IRES trans-acting 

factors (ITAFs). This structure allows multiple proteins to be translated from the same strand of mRNA as two 

independent ribosome recruitment mechanisms exist. Figure adapted from Renaud-Gabardos et al. (2015), 

created in Biorender. 
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Figure 3.4 Characterisation of BV2 cells stably expressing HA-BirA* and HA-BirA*-Abi3 A) Immunocytochemistry confirms successful transduction 

of exogenous proteins and cytoplasmic localisation of BirA* (i) and Abi3 (ii) fusion proteins. GFP and HA-epitope expression do not correlate as these 

genes were expressed under different promotors.  Blue = DAPI, red = HA (BirA* (A), Abi3 (B)), green = GFP B) Streptavidin western blot shows successful 

expression of exogenous proteins (HA-BirA*: 37 kDa lane 1, HA-BirA*-Abi3: ~80 kDa lane 2) in BV2 cells and functioning of biotin ligase. Bands at 72 

kDa, 74 kDa, and 128 kDa in both lanes likely represent the endogenously biotinylated carboxylases β-methylcrotonyl-CoA carboxylase, propionyl-CoA-

carboxylase, and pyruvate carboxylase, respectively. 
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3.2.2 Biotin-Affinity Capture of the Abi3 Interactome in BV2 Stable Cell Line 

The proximity labelling method BioID was used to capture protein interactors of Abi3 

in BV2 cell lines stably expressing HA-BirA*-Abi3. Background proteins were 

captured by streptavidin affinity chromatography in the control cell line expressing 

HA-BirA*. BV2 cells expressing HA-BirA* or HA-BirA*-Abi3 were incubated with 50 

µM biotin for around 16 hours before lysis. Lysates were then incubated with 

streptavidin Dynabeads to capture biotinylated proteins. After incubation, the beads 

were washed with lysis buffer to remove non-biotinylated proteins. Biotinylated 

proteins were eluted then were resolved by SDS-PAGE and detected by western 

blotting with Streptavidin IR800 (Figure 3.5).  

Enrichment of the first elution sample (lane 3) compared to the input (lane 1) 

indicated a higher concentration of biotinylated proteins in the elution due to removal 

of non-biotinylated proteins during wash stages. Low fluorescence in the unbound 

(lane 2) and subsequent elution samples (lanes 4-6) confirmed capture and elution 

Figure 3.5 Biotin affinity capture of HA-BirA* and HA-BirA*-Abi3 associated proteins. Capture 

of interacting proteins of HA-BirA* (37 kDa) (A) and HA-BirA*-Abi3 (~80kDa) (B) by BioID. Enrichment 

of proteins in elution 1 compared to the input sample indicates higher concentration of biotinylated 

proteins in the elution. Low fluorescence in the unbound (lane 2) and subsequent elution samples 

(lanes 4-6) confirmed capture and elution of biotinylated proteins. A unique labelling profiles of HA-

BirA*-Abi3 elution 1 compared to HA-BirA* elution 1 suggests different bait proteins capturing unique 

interactors.  
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of biotinylated proteins. Strong fluorescence can be seen in the BirA* control which 

likely indicates endogenously biotinylated carboxylases as well as self-biotinylation 

of the fusion protein (Grant et al., 2019). These results confirm expression of each 

fusion protein, proper functioning of the biotin ligase, and successful capture of 

biotinylated proteins. 

3.2.3 Proteomic Analysis of Protein Interactome 

To identify the biotinylated proteins, samples were sent for MS analysis by the 

Fingerprints Proteomics Facility at the University of Dundee. The biotinylated 

proteins were run for 15 minutes on a 4-12% polyacrylamide gel. Proteins were 

visualised with GelCode™ Blue stain reagent (Coomassie Blue; Figure 3.6). As the 

de-staining process in this method does not fix the protein, it is therefore suitable for 

MS. For each condition the protein bands were excised from the gel in a single 

sample and sent for MS (see Figure 3.7 for full workflow). At the proteomics facility, 

the samples were reduced and trypsinised to digest the proteins. Trypsin is a serine 

protease which digests proteins by cleaving the C-terminal end of lysine and arginine 

residues, producing peptides. These peptides are then separated by liquid 

chromatography (LC) coupled to the mass spectrometer and the mass and charge 

(m/z) of each peptide was determined by tandem MS (MS/MS) allowing the 

sequence of each peptide to be assigned and mapped to an individual protein. 

Figure 3.6 Separation of proteins for MS analysis. A representative gel of proteins from 

elution 1 separated by SDS-PAGE. Proteins were run on the gel for 15 minutes and visualised 

with GelCode™ Blue stain reagent. HA-BirA* and HA-BirA*-Abi3 lanes were individually 

excised from the gel and sent to the FingerPrints Proteomics Facility at the University of 

Dundee for MS analysis. 
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Proteins in the original samples were identified by matching the peptide sequences 

to the Swiss-Prot protein database for Mus musculus proteins to identify proteins 

present in the original sample. At least two unique peptides from a protein must be 

present to verify the presence of a protein.  

BioID and MS were used to identify the protein interactome of Abi3 in BV2 cells. Two 

stable cell lines were generated, one expressing Abi3 fused to the biotin ligase BirA* 

and a control line expressing BirA* only. The data generated from the control cell line 

formed a list of background proteins which was used during data analysis to identify 

putative interactors of Abi3. For each condition, five replicates were performed to 

increase the statistical power of identifying putative interactors. The reproducibility of 

these replicates is assessed in Figure 3.8. In the control data a total of 1,273 

proteins were identified, 304 of which were found in all five replicates. In the Abi3 

data, a total of 1,120 proteins were identified, 197 of which were found in all five 

replicates, although presence of a protein in all replicates was not required to be 

determined a putative interactor. 859 proteins were found in both control and test 

conditions and 261 were exclusively identified in the Abi3 data.  
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Figure 3.7 Workflow of BioID from cell culture to data analysis. Stable cell lines were grown in 

culture and biotin added to the media. Whole cell lysates were then generated for BioID pull-down, and 

enrichment of captured proteins was assessed by western blot. If successful, proteins in BioID elution 

samples were separated by SDS-PAGE gel electrophoresis and gel plugs sent to the Fingerprints 

Proteomics Facility at the University of Dundee where samples were reduced and digested ready for 

liquid chromatography tandem MS. A list of proteins detected in the samples was generated and 

interactors of Abi3 were identified by SAINTexpress analysis. These data then underwent further 

analysis to investigate known interactions (STRING annotation) and functional roles (Gene Ontology) to 

determine proteins of interest for further investigation. 
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Figure 3.8 Reproducibility of BioID replicates. A) Number of proteins identified in each replicate from BirA* 

control BioID data. Of the 1,273 proteins identified in the data, 304 proteins were found in all 5 replicates. The first 

dataset (BirA.R1) contained the largest number of proteins of all the replicates, 173 of which were unique to this 

sample. B) Number of proteins identified in each replicate from Abi3 BioID data. Of the 1,120 proteins identified, 

197 were found in all 5 replicates. The first dataset (Abi3.R1) contained the largest number of proteins of all the 

replicates, 245 of which were unique to this sample. Inset) Overlap of proteins between all BirA* control and Abi3 

data. In total 1,535 proteins were identified, 859 of which appeared in both the control and the Abi3 datasets. 414 

were unique to the control data and 261 were unique to the Abi3 dataset. Bar highlighted in blue represents the 

proteins identified in all replicates. 
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3.2.3.1 SAINTexpress 

Putative interactors were identified by significance analysis of interactome (SAINT) 

express (Choi et al., 2011). SAINTexpress is a method of scoring protein interactions 

in AP-MS data. The model assesses the probability of prey proteins being either 

‘true’ or ‘false’ interactors of the bait based on the abundance of the prey in the test 

and control conditions. For a protein to be identified as a putative interactor it must 

appear in the test condition at a significantly higher level than in the control, 

calculated by division of the average spectral count of each interaction in the bait 

condition by the average spectral count in the control to give the fold change (Teo et 

al., 2014). From this, a SAINT score is assigned to each prey protein which is then 

used with the fold change to estimate the BFDR (Choi et al., 2011). The BFDR uses 

a Bayesian approach to control the false discovery rate. The posterior error 

probability (PEP) is calculated which gives the probability that a protein is not an 

interactor. The sum of the PEP for each protein gives the expected value of the total 

number of false positives. The cumulative mean of the PEP values gives the q-value, 

the threshold of which was here defined as q<0.05 to determine the total number of 

proteins identified as interactors with a 5% false positive rate. A prey protein with a 

BFDR value of less than 0.05 was considered to be a putative interactor. These 

proteins were then taken for further analysis: gene ontology analysis (GO), STRING 

annotation and identification of proteins of interest. 

10 proteins of the 1,120 captured were found to be putative interactors of Abi3 

(Table 3.1). The SAINT score for each of the 1,120 captured proteins was plotted 

against log2 of the fold change to visualise the putative interactors of Abi3 (Figure 

3.9). The abundance (total sum of spectral counts from HA-BirA*-Abi3 cells) of each 

protein is represented by the size of the bubble and putative interactors are 

highlighted in red.  

The peptide data for all identified putative interactors of Abi3 can be found in 

Supplementary table 1.3 in appendix 1. 
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Table 3.1 Abi3-associated proteins prioritised by SAINTexpress. The identified proteins were detected by MS of BioID samples from HA-

BirA*-Abi3 stable BV2 lines. Proteins which passed the significance threshold <0.05 BFDR after probabilistic scoring of protein-protein interaction 

by SAINTexpress are above the black line. SAINT determines putative interactors from non-specifically bound proteins by calculating the fold 

change between the data and a negative control affinity-purification sample. Counts of 0 were considered as 1 to calculate a fold-change. To be 

considered a putative interactor, the prey protein must appear in the Abi3 dataset at a significantly higher level than in the BirA* control data. 

Proteins are sorted first by BFDR value (lowest to highest) then by fold change (highest to lowest). The bait protein is highlighted in bold. Title 

annotations: Spec: spectral counts for the bait-prey pair in each replicate. SpecSum: sum of spectral counts across all replicates. AvgSpec: mean 

spectral count. crtlCounts: spectral count in each negative control replicate. SaintScore: probability of being an interactor. FoldChange: average 

spectral count in test interaction divided by the average in controls. BFDR: Bayesian false discovery rate. 

# Protein Accession Spec SpecSum AvgSpec ctrlCounts SaintScore FoldChange BFDR 

1 Cyfip1 Q7TMB8 46|12|25|14|2 99 19.8 0|0|0|0|0 0.98 198 0 

2 Mtss1 Q8R1S4 8|9|12|5|9 43 8.6 0|0|0|0|0 1 86 0 

3 Abi3 Q8BYZ1 322|103|125|113|92 755 151 9|0|0|0|0 1 83.89 0 

4 Ccdc22 Q9JIG7 24|4|5|3|2 38 7.6 0|0|0|0|0 0.97 76 0 

5 Wasf2 Q8BH43 53|35|30|22|29 169 33.8 2|0|2|0|0 1 42.25 0 

6 Cep170 Q6A065 243|146|156|136|101 782 156.4 20|4|12|5|4 1 17.38 0 

7 Pi3kap1 Q9EQ32 14|5|3|2|2 26 5.2 0|0|0|0|0 0.95 52 0.01 

8 Tanc1 Q0VGY8 55|19|19|16|3 112 22.4 4|0|2|0|0 0.83 18.67 0.01 
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9 Gigyf2 Q6Y7W8 14|3|3|3|0 23 4.6 0|0|0|0|0 0.79 46 0.03 

10 Ripk3 Q9QZL0 6|3|2|2|0 13 2.6 0|0|0|0|0 0.75 26 0.05 

11 Homer3 Q99JP6 0|2|5|3|2 12 2.4 0|0|0|0|0 0.75 24 0.07 

12 Sec16a E9QAT4 21|11|3|4|4 43 8.6 3|0|0|0|0 0.73 14.33 0.09 

13 Cbl P22682 12|6|3|5|2 28 5.6 3|0|0|0|0 0.66 9.33 0.1 

14 Ruvbl2 Q9WTM5 25|16|16|5|8 70 14 7|0|0|4|0 0.65 6.36 0.12 

15 Arhgap12 Q8C0D4 6|6|4|0|0 16 3.2 0|0|0|0|0 0.6 32 0.14 

16 Rpl39 P62892 13|0|3|4|0 20 4 0|0|0|0|0 0.6 40 0.16 

17 Exoc4 O35382 6|0|3|4|0 13 2.6 0|0|0|0|0 0.6 26 0.17 

18 Hist2h2bb Q64525 26|21|0|70|48 165 33 10|20|0|0|0 0.59 5.5 0.18 

19 Wdr62 Q3U3T8 13|2|6|0|0 21 4.2 0|0|0|0|0 0.58 42 0.2 

20 Dvl2 Q60838 11|4|0|0|2 17 3.4 0|0|0|0|0 0.58 34 0.21 
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 Figure 3.9 Fold change and SAINT score from SAINTexpress. Proteins identified by MS in Abi3 BioID samples. Data are represented at log2 of the fold 

change (difference in protein count from control data) and are plotted against the SAINT score (probability of protein being a putative interactor). Each bubble 

on the plot denotes an individual protein. The size of the bubble represents the abundance of each protein in the data, calculated by the mean of the spectral 

counts. Proteins identified as being putative interactors of Abi3 (BFDR < 0.05) are labelled. Red = putative interactor, grey = non-interactor. 
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3.2.3.2 STRING Annotation 

For all further analysis, proteins were converted to their human orthologues as there 

is more complete human data and PPIs are relatively well conserved between 

species (Sharan et al., 2005, Qian et al., 2011, Pérez-Bercoff et al., 2013).  

Known relationships between the identified putative Abi3 interactors were 

investigated using the STRING database (version: 11.5; https://string-db.org/) 

(Szklarczyk et al., 2021). Physical interaction data from high-throughput experiments 

and previous databases were extracted from the STRING database with a medium 

confidence interaction score (0.4) for the putative Abi3 interactors (Figure 0.10a). 

The known ABI3 PPI network was also extracted (Figure 0.10b).  

Part of the WRC network (WASF2, CYFIP1) was identified in the MS data (identified 

in blue in Figure 0.10). The other orthologues of the putative interactors of Abi3 

identified by BioID were not previously known to have direct interactions with either 

ABI3 or other members of the network.  

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.3.3 Known Interactors 

Comparison of the Abi3 interactors identified here with known interactors listed in the 

NCBI database revealed only one previously characterised interaction: WASF2 

(Supplementary table 1.1 in appendix 1). ABI3 and WASF2 are known to form part of 

Figure 0.10 Protein-protein interaction network of Abi3-associated proteins. Known interactions between 

the human orthologues of the high-confidence Abi3-associated proteins (A) and previously identified ABI3 

interactions (B) obtained from the STRING v11.5 database. ABI3 is highlighted in red with known interacting 

network members in blue. Proteins with no known interactions within the set are marked in grey. Known physical 

interactors of ABI3 also identified as high-confidence interactors of HA-BirA*-Abi3 are labelled in white. 

https://string-db.org/
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the WRC along with cytoplasmic FMR1 Interacting Protein 1 and 2 (CYFIP1, 

CYFIP2), although direct interaction between CYFIP1 and ABI3 has not been 

previously identified (Chen et al., 2014). Interaction between ABI3 and centrosomal 

protein of 170 kDa (CEP170) has been suggested, reported in a pre-publication 

dataset on the Bioplex Interactome database and reported by BioGRID (Huttlin et al., 

2021). Associations with CEP170P1 (CEP170-like protein, a transcribed 

pseudogene of CEP170) have also been suggested (Rual et al., 2005). 

3.2.4 Functional Annotation of Interactors 

Functional annotation of the putative Abi3 interactors was carried out with the 

Metascape enrichment analysis (http://metascape.org) (Zhou et al., 2019). The 

majority of the identified biological processes play roles in cell structure and 

morphology, with the top processes being the ABI3-WAVE2-CYFIP1 complex and 

lamellipodium formation. Synapse organisation and actin and cytoskeleton regulation 

processes are also enriched in the identified Abi3 interactors (Figure 3.11, Table 

3.2). 

Table 3.2 Protein-protein interaction network of Abi3-associated proteins. Known 

interactions between the human orthologues of the high-confidence Abi3-associated proteins 

(A) and previously identified ABI3 interactions (B) obtained from the STRING v11.5 database. 

ABI3 is highlighted in red with known interacting network members in blue. Proteins with no 

known interactions within the set are marked in grey. Known physical interactors of ABI3 also 

identified as high-confidence interactors of HA-BirA*-Abi3 are labelled in white. 

  

Category Description Count Percentage 

CORUM ABI3-WAVE2-CYFIP1 complex 3 30.00 

GO Biological 

Processes 

Regulation of actin cytoskeleton 

organization 

4 40.00 

GO Biological 

Processes 

Cell junction organization 4 40.00 

GO Biological 

Processes 

Regulation of synapse organization 3 30.00 

http://metascape.org/
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3.2.5 Proteins of Interest 

The above analysis has identified 9 potential novel interactors of Abi3 to investigate 

(peptide data found in appendix 1, Supplementary table 1.3). From the STRING 

analysis, the WRC was highlighted as the major network involving Abi3. Wasf2 was 

the only previously identified Abi3 protein interactor identified by BioID. Cyfip1 is a 

paralogue of Cyfip2, a known Abi3 interactor and important component of the WRC, 

so confirmation of physical interaction would strengthen evidence that a major role of 

Abi3 is within this complex, regulating the actin cytoskeleton. 

Centrosomal protein of 170 kDa (Cep170) is of interest to confirm as an interactor of 

Abi3. After Abi3 itself, Cep170 was the most abundant protein identified in the bait 

Figure 3.11 Biological process annotations for Abi3-associated proteins identified by 

BioID. Enrichment analysis from Metascape was used to identity biological processes 

enriched in the human orthologues of the identified putative interactors of Abi3. The heatmap 

is coloured according to p-value and plotted with the -log10(P) score. 
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samples, with a mean spectral count of 129.25. Cep170 is a centrosomal protein 

associated with microtubules during cell growth and division.  As of May 2023, 

human CEP170 is listed as an interactor of ABI3 on the BioGRID database, sourced 

from a pre-publication dataet from the BioPlex Network (Huttlin et al., 2021). A 

variant at the CEP170 locus has also recently been associated with risk of AD 

(Kulminski et al., 2022).  

Metastasis suppressor-1 (Mtss1) is reported to be down-regulated in AD (Rangaraju 

et al., 2018). Mtss1 was initially identified as a suppressor of metastasis and also 

has roles as a scaffold protein and regulator of actin dynamics (Xie et al., 2011). 

Confirming interaction between Mtss1 and Abi3 may elucidate a common pathway 

for AD risk.  

3.2.6 Validating Putative Interactors  

As the biotin ligase BirA* has a biotinylation range of around 10 nm, it is possible that 

proteins which are proximal but that do not interact with the bait protein are captured. 

To validate the putative interactors identified by SAINT after BioID, co-IPs can be 

used to confirm physical interaction. However, the reasons for using BioID over IPs 

for identifying protein interactions is often due to the need for harsher lysis conditions 

to extract the bait proteins. These conditions disrupt protein interactions and so any 

interactors are lost before capture can begin. To assess whether co-IP was a 

suitable method to validate putative interactors, the proteins HA-BirA*-Abi3, Abi3-

myc, and Cep170-Flag were transfected into HEK-293T cells and lysed under 

different conditions. The harshest lysis was done with a 4% SDS lysis buffer and the 

gentlest with RIPA buffer (a lysis buffer commonly used to prepare samples for IP). 

RIPA buffer with 0.1% SDS and 0.5% SDS were also tested as intermediate buffers.  

Myc-Abi3 was successfully extracted with all lysis buffers tested, however Cep170-

FLAG was only recovered using the 4% SDS lysis buffer (Figure 3.12). Under these 

harsh lysis conditions, PPIs are disrupted and so this buffer is not suitable to prepare 

samples for IP. Validation of physical interaction between Abi3 and Cep170 was 

therefore unable to be completed using this method. Additionally, extraction of Abi3 

appeared to be less effective with the RIPA buffers compared to the 4% SDS buffer, 

implicating that Abi3 may also be difficult to solubilise. Protocols requiring gentle 

lysis conditions may therefore not be suitable for validating physical interaction of 

any of the putative interactors identified here. Interestingly, two bands can be seen 
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around the expected molecular weight of myc-Abi3. These may represent the 

phosphorylated and unphosphorylated forms of Abi3. ABI3 has been suggested to 

be phosphorylated by protein kinase B (PKB) at residue S342 as inhibiting PKB led 

to a reduction in the amount of phosphorylated ABI3 captured by 

immunoprecipitation (Moraes et al., 2017). Further characterisation of the HA-BirA*-

Abi3 BV2 line could be achieved by similar inhibition of phosphorylation during cell 

culture. If the higher molecular weight band is not present when phosphorylation is 

inhibited, this would indicate that these bands do represent Abi3 at different 

phosphorylation states. 

 

Figure 3.12 Comparison of protein extraction with different strength lysis buffers. HEK-

293T cells transfected with myc-Abi3 (A) or Cep170-FLAG (B) were lysed with either RIPA 

buffer (lane 1), RIPA buffer with 0.1% SDS (lane 2), RIPA buffer with 0.5% SDS (lane 3) or a 

lysis buffer containing 4% SDS (lane 4). For myc-Abi3, protein was successfully extracted with 

all lysis buffers. For Cep170-FLAG protein was only successfully extracted with the harshest 

lysis protocol 
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3.3 Discussion 

The main aims of the experiments described in this chapter were to establish the 

BioID technique for use in the detection of protein interactomes of AD risk genes 

and, with this, identify the protein interactome of Abi3. The exact function of Abi3 is 

unknown although it has been proposed to be part of the WRC due to the known 

functions of its paralogues Abi1 and Abi2. BioID was successfully used to produce a 

potential Abi3 protein interactome in a microglial cell line. Previously identified 

interactors of ABI3 and Abi3 were mostly identified in Y2H assays or AP-MS 

experiments in non-microglial lines (Supplementary table 1.1 and Supplementary 

table 1.2). The results presented here represent the first interactome of Abi3 in a cell 

line physiologically relevant for study of the role of Abi3 in microglia and AD 

pathology. 

The National Center for Biotechnology Information (NCBI) lists 84 protein interactors 

of human ABI3 (Supplementary table 1.1, appendix 1) (Human ABI3 NCBI; 

interactions sourced from the HPRD and BioGRID databases). Four interactors of 

mouse Abi3 are listed (Mouse Abi3 NCBI; interactions sourced from BioGRID 

database), 3 of which overlap with the human data (Supplementary table 1.2, 

appendix 1). The majority of these interactions were identified by two-hybrid studies, 

which detect binary interactions, with some detected by affinity capture with either 

MS or western blotting. At present, there have not been many studies of the Abi3 

interactome in physiologically relevant systems. HEK, Chinese hamster ovary 

(CHO), and yeast were the most prevalent cell lines in studies listed in 

Supplementary table 1.1 and Supplementary table 1.2 (appendix 1). The results 

presented here were obtained from a microglial cell line and therefore are more 

applicable to the identification of the microglial protein interactome. 

3.3.1 Confirmed and Novel Protein Interactors of Abi3 

3.3.1.1 HA-BirA*-Abi3 Interacts with the WRC 

Of the putative interactors identified, three of the top five proteins were Abi3, Wasf2, 

and Cyfip1. These proteins are members of the WRC and Wasf2 is a known 

interactor of Abi3. This, along with the cytoplasmic labelling seen with 

immunocytochemistry (Figure 3.4), suggests that the addition of the biotin ligase did 

not appear to affect the localisation of the exogenous Abi3 as the fusion protein was 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/51225
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/66610
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located in the same subcellular compartment as endogenous Abi3. It is not possible 

to determine if the detection of Abi3 in these samples was due to interaction with 

endogenous Abi3 or capture of the HA-BirA*-Abi3 protein due to self-biotinylation. 

The identification of known Abi3 interactors is also evidence of correct localisation of 

HA-BirA*-Abi3 as well as suggesting normal functioning of the protein. Cyfip1 is not 

identified as an interactor of Abi3 in databases such as BioGRID or NCBI although 

its paralogue Cyfip2 is. Previous studies have shown expression of the Cyfip 

proteins to vary between neural cell types, with Cyfip2 mostly expressed in neurons 

and Cyfip1 in glial cells in addition to neurons (Zhang et al., 2019b, Drew et al., 

2020, Preprint) It is possible that in microglia, Cyfip1 is the more common 

component of the WRC, hence its identification as a putative interactor of HA-BirA*-

Abi3 rather than Cyfip2. Drew et al. (2020, Preprint) also identified a “canonical 

microglial WRC” comprising of Cyfip1, Abi3, Nap1l, and Wave2 and Moraes et al. 

(2017) also identified CYFIP1 as an interactor of ABI3 by IP.    

No other proteins known to make up the WRC were identified as putative interactors 

of Abi3 by BioID. The WRC comprises of five proteins from the Abi, Cyfip, Wasf, and 

Hem families, as well as Brick1. From these proteins, a large dimer of Cyfip and 

Hem proteins and a smaller trimer comprising of Wasf, Abi, and Brick1 proteins join 

to form the WRC (Rottner et al., 2021). Neither Brick1 nor any Hem proteins were 

identified as putative interactors of Abi3. Brick1 was not identified in RNA sequence 

data of BV2 cells, which may explain why this protein was not identified here but 

does raise the question of how the WRC is formed in BV2s (Carrillo-Jimenez et al., 

2019). Hem-like proteins were identified in RNA sequencing which may replace Hem 

proteins in the WRC of BV2 cells. The Hem-Cyfip dimer is known to be around 10 x 

10 x 20 nm in size, and so the positioning of Hem-like proteins and HA-BirA*-Abi3 

may explain why these were not identified if they are outside of the 10 nm labelling 

radius of BirA*. Hem proteins may not form direct interactions with Abi proteins within 

the WRC whereas Cyfip proteins may. An interaction between Abi and Cyfip proteins 

may induce the formation of the WRC by bringing together the Hem-Cyfip dimer and 

the Wasf-Abi-Brick1 trimer. 

The identification of two WRC proteins as putative interactors of Abi3 strengthens 

the evidence that at least one role of Abi3 in microglia is as part of this complex, 

regulating actin polymerisation and cell motility. These results also confirm that BioID 
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is a suitable method for identifying candidate protein interactors, although further 

validation is required for confirmation of physical interaction.  

3.3.1.2 HA-BirA*-Abi3 Potentially Interacts with Other Cytoskeleton-Associated 

Proteins 

The proteins of the WRC are not the only ones to interact with the cytoskeleton to 

regulate cell morphology. Both Cep170 and Mtss1 play roles in cytoskeletal 

regulation and were here identified as putative interactors of Abi3. 

Cep170 is a centrosomal protein responsible for microtubule organisation. This 

protein is phosphorylated during mitosis and associates with centrioles (Guarguaglini 

et al., 2005). If Cep170 is validated as a physical interactor of Abi3, this could 

suggest a role for Abi3 in microtubule, as well as actin, organisation. CEP44 and 

kinesin family members KLC3 and KLC4 of kinesin-1, and KIFC3 are listed as 

interactors of ABI3 on the BioGRID database. These proteins are also associated 

with microtubules; however, these interactions have not been verified in microglia or 

other relevant cell types and were not identified as putative interactors in the BioID 

experiments detailed here. A variant of CEP170 has also been associated with AD 

risk in a recent GWAS. Kulminski et al. (2022) identified the variant rs71537331 in 

cytogenic region 1q43. However, this locus also contains Serologically defined colon 

cancer antigen 8 (also known as CCCAP or NPHP10) which encodes the protein 

serologically defined colon cancer antigen 8. Fine mapping and functional analyses, 

such as expression quantitative trait loci mapping and genome editing, is needed to 

confirm if CEP170 is indeed an AD risk gene.  

Mtss1 was first identified as a metastasis suppressor protein and was found to 

regulate the actin cytoskeleton (Saarikangas et al., 2011, Kawabata Galbraith et al., 

2018). Inhibition of cell motility occurs via interaction of Mtss1 with G-actin as this 

antagonises WASP-mediated actin polymerisation. However, Mtss1 also increases 

actin polymerisation via interaction with cortactin, an Arp2/3 positive regulator (Lin et 

al., 2005). Mtss1 interacts with the SH3 domain of cortactin, a domain also found in 

Abi3. Therefore, it is likely that Mtss1 has the ability to physically interact with Abi3, 

although experimental validation of this is needed. The effect of Mtss1 interaction 

with Abi3 is unclear, although identification of this interaction suggests a novel route 

for these proteins to regulate the actin cytoskeleton.  
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Rangaraju et al. (2018) found Mtss1 to be downregulated in the microglia of AD 

mouse models and Bossers et al. (2010) found MTSS1 mRNA in post-mortem 

human brain tissue to be downregulated at Braak stages 0-III and upregulated at 

stages IV-VI. If Abi3 is confirmed as a physical interactor of Mtss1, this may uncover 

a new route for Abi3 to influence the actin cytoskeleton as well as link it to a potential 

AD pathology pathway.  

3.3.1.3 HA-BirA*-Abi3 Potentially Interacts in Inflammatory Signalling Pathways 

A completely novel pathway for Abi3 suggested by this interactome is as part of 

inflammatory signalling pathways. Ccdc22 is known to regulate NF-κB signalling via 

the CCC complex and Phosphoinositide-3-Kinase adaptor protein 1 (Pi3kap1; also 

known as BCAP) links TLR activation to Pi3k signalling.  

CCDC22 forms part of the CCC complex and reduction in expression or functioning 

of the complex has been shown to affect NF-κB signalling. NF-κB is a transcription 

factor which promotes proinflammatory pathways. Activation is regulated by 

ubiquitination of IκB (inhibitor of NF-κB) proteins, which prevents the translocation of 

NF-κB to the nucleus. Starokadomskyy et al. (2013) showed that CCDC22 is 

required for the ubiquitination and, therefore degradation, of IκB proteins. If Abi3 is 

validated as a physical interactor of Ccdc22 this may suggest a role for Abi3 in 

regulating the NF-κB pathway and influencing microglial responses to inflammatory 

stimuli. Interestingly, both Commd2 and Ccdc93 appear in the list of proteins 

identified by MS after proximal protein capture at, slightly but not significantly, higher 

levels than in the control data (Commd2 average spectral count: 3.2 in Abi3 data, 0.6 

in control; Ccdc93 average spectral count: 0.4 in Abi3, 0 in control). It is possible that 

Abi3 can affect the CCC complex via interaction with Ccdc22 and the proximity of 

Commd2 and Ccdc93 within the complex led these proteins to be biotinylated to a 

slightly greater extent in the HA-BirA*-Abi3 cell line compared to HA-BirA* only.  

The CCC complex also plays a key role in protein trafficking and endosomal 

recycling. The recruitment of the CCC complex to endosome membranes is 

dependent on the WASH complex (Singla et al., 2019). WASH proteins are members 

of the WASP family, of which WASF (or WAVE) proteins also belong, which regulate 

actin polymerisation via ARP2/3 at the endosomal membranes. Interactions between 

the WASH complex subunit WASHC2 (also known as FAM21) and CCDC22 lead to 

CCC complex recruitment to endosomes. With retriever, these proteins mediate 
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endosomal localisation and are reliant on the branching of actin networks. 

Interactions between Abi3 and Ccdc22 may therefore play a role in endosomal 

functions, mediating intracellular transport. As with Ccdc93 and Commd2, Washc2 

was identified in the list of proteins identified by BioID at a slightly higher, but again 

not significant, level in the Abi3 interactome data compared to control. Abi3 may 

therefore be interacting with Ccdc22 as part of CCC complexes involved in both NF-

κB signalling and actin remodelling at endosomes.  

Pi3kap1 was also identified as a putative interactor of HA-BirA*-Abi3. This protein is 

a TLR signalling adaptor required for Pi3k signalling after TLR activation. TLRs 

reside in the cell and endosome membranes. In microglia, TLR activation initiates 

inflammatory signalling pathways resulting in phagocytosis and cytokine release 

(Heidari et al., 2022). TLRs have been linked to AD due to their activation of 

inflammatory pathways, overexpression in both patients and mouse models, and 

inhibition of specific types of TLR has shown to be protective against 

neuroinflammation (Su et al., 2016). Pi3k pathway activation regulates multiple 

inflammatory response mechanisms by propagating intracellular signalling (Cianciulli 

et al., 2020). PI3KAP1 negatively regulates proinflammatory cytokine release and 

cell proliferation (Troutman et al., 2012, Duggan et al., 2017). Chai et al. (2021, 

Preprint) found that the protein was highly correlated with oxidative damage and the 

immune response in AD patient brains at Braak stages 0-IV and suggested its use 

as a biomarker of AD. If Abi3 is confirmed to physically interact with Pi3kap1 this 

may suggest a new role in regulating Pi3k signalling downstream of TLR activation. 

Abi3 has not previously been reported to have any role in intracellular signalling 

pathways outside of the WRC. If these putative interactors are validated as physical 

interactors of Abi3, this would suggest novel roles for Abi3 in inflammatory signalling 

in microglia and provide links to other known AD pathology mechanisms.  

3.3.1.4 HA-BirA*-Abi3 May Interact with Translation Repressor Proteins 

Growth factor receptor-bound protein interacting glycine-tyrosine phenylalanine 

domain protein 2 (Gigyf2) was initially linked to tyrosine kinase receptors, such as 

insulin-like growth factor receptor, by interaction with growth factor receptor-bound 

protein 10 (Giovannone et al., 2003). Later studies identified a role of GIGYF2 in 

translation repression as part of a complex with 4EHP, a mRNA 5’-cap binding 

protein (Morita et al., 2012). GIGYF2 is proposed to connect RNA binding proteins 
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and 4EHP forming an mRNA closed loop which inhibits translation. GIGYF2 however 

has also been shown to independently repress translation by direct mRNA binding 

(Amaya Ramirez et al., 2018). Abi3 has not previously been linked to regulation of 

translation, so this is a potentially novel role for Abi3 provided physical interaction is 

confirmed.  

As well as being a critical subunit of the WRC, CYFIP1 has also been shown to 

repress translation through binding to eIF4E (Napoli et al., 2008). BNDF-Rac1 

signalling initiates the translocation of CYFIP1 from eIF4E binding to the WRC, 

mediating the transport of CYFIP1 between the two complexes. Disruption of binding 

to eIF4E or the WRC caused dendritic spine defects in neurons, and it is therefore 

possible that changes in the interaction between CYFIP1 and ABI3 in microglia may 

adversely affect microglial projections (Amaya Ramirez et al., 2018). As the putative 

interactors identified by BioID from HA-BirA*-Abi3 cells were not enriched for 

processes relating to translation, it is more likely that the Cyfip1 interacting with Abi3 

in these cells was located in the WRC.  

3.3.1.5 HA-BirA*-Abi3 Potentially Interacts in Cell Death Pathways  

Receptor-interacting protein kinase-3 (Ripk3) is a serine/threonine-protein kinase, 

the activation of which promotes both apoptotic and necrotic cell death pathways. 

Ripk3 has been shown to influence neuroinflammation and microglial death post 

ischemic stroke, in Gaucher’s disease, and preceding remyelination post CNS injury 

(Lloyd et al., 2019, Vitner et al., 2014, Yang et al., 2018). Interaction of Ripk3 with 

mixed lineage kinase domain-like protein promotes necrosis via calcium influx 

through damage to the plasma membrane, and interaction with Ripk1, FAS-

associated death domain protein and caspase-8 promotes apoptosis. Abi3 has no 

known roles in these pathways, but potential interaction with Ripk3 may suggest a 

role in cell death pathways, possibly via disruption of cytoskeletal structures or a 

new, unknown role.  

3.3.1.6 HA-BirA*-Abi3 Potentially Interacts in Other Protein Complexes 

Tetratricopeptide Repeat, Ankyrin Repeat and Coiled-Coil Containing 1 (Tanc1) is a 

scaffold protein mostly reported in the post-synaptic density although its specific 

molecular functions remain unknown (Wu et al., 2021). Scaffold proteins are 

mediators of PPIs. They bind multiple proteins to physically assemble them into a 
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protein complex. Scaffold proteins have been suggested as the mechanism of spatial 

and temporal organisation of signalling cascades as well as regulators of selectivity 

within these pathways (Good et al., 2011). Interaction of Abi3 with Tanc1 may 

suggest a role for Abi3 in other protein complexes, although the nature of those 

complexes is not clear from this data.  

3.3.2 Strengths and Limitations of BioID 

The results discussed above provide evidence that the proximity labelling method 

BioID is able to successfully capture protein interactors of the exogenous bait 

protein. A suitable control line is required to create a list of background proteins 

which include endogenously biotinylated proteins and proteins biotinylated by the 

ligase due to proximity rather than interaction. It is therefore important that the ligase 

only control protein be expressed in the same cellular compartment as the bait 

protein. This was confirmed in the HA-BirA* and HA-BirA*-Abi3 stable BV2s by 

immunocytochemistry where the HA epitope was shown to be cytoplasmic in both 

cell lines (Figure 3.4a). With this background protein list, appropriate statistical 

analysis can be performed to identify putative interactors of the bait protein. Due to 

the nature of BioID, fully excluding all proteins from the background list is likely to 

remove genuine Abi3 interactors from the analysis. As Figure 3.4a shows, both HA-

BirA* and HA-BirA*-Abi3 were located in the same cellular compartment. Therefore, 

any cytoplasmic protein which falls within the 10 nm labelling radius of the biotin 

ligase is likely to be biotinylated by HA-BirA*, which may include cytoplasmic 

interactors of Abi3. The HA-BirA*-Abi3 protein is likely to be more specifically 

targeted to areas where endogenous Abi3 functions and therefore proteins 

interacting with Abi3 will have higher levels of biotinylation than those which 

transiently fall within the labelling radius. It is for this reason that SAINTexpress was 

chosen as the method of statistical analysis of the MS data as the relative 

abundance of each protein is assessed.  

A major advantage of the BioID method is its reproducibility. The lack of a 

requirement for a high-quality antibody against the bait protein removes many 

challenges faced when studying PPIs with more traditional techniques such as co-IP. 

The high affinity bond between biotin and streptavidin means fewer non-specifically 

bound proteins will be captured. From a practical point of view, once the lysis and 
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capture have been optimised, the method is easily translated to different cell lines 

and bait proteins.  

As discussed above, the biotin ligase has a 10 nm labelling radius and so it is 

possible that proteins which are proximal to, but do not interact, with the bait protein 

are biotinylated. Proteins which are transiently proximal to the bait, and therefore 

have low levels of biotinylation, are not likely to be deemed putative interactors. 

However, proteins within the same complex, but which do not directly bind to the 

bait, may be highly biotinylated by the biotin ligase. Physical interaction between bait 

and prey proteins therefore must be verified with alternative methods. One such 

method is IP, however the lack of a specific antibody or harsh lysis conditions 

required to solubilise the protein are major disadvantages of this technique. As 

shown in Figure 3.12, only the harsh lysis conditions created by the 4% SDS lysis 

buffer successfully extracted Cep170. Under these conditions, protein complexes 

would no longer be maintained as a negatively charged SDS-protein complex is 

formed, disrupting hydrophobic interactions as well as ionic and hydrogen bonds 

between proteins. Alternative methods of validation could include Y2H however, this 

is not a physiologically relevant system for expressing proteins and often criticised 

for producing many false positive and false negative results (Stellberger et al., 2010). 

Label transfer protein interaction analysis could be a potential method to validate the 

putative Abi3 interactors described here. A labelled crosslinking reagent is attached 

to the bait protein which then crosslinks the bait and prey proteins during interaction. 

The crosslink is then cleaved leaving the label attached to the prey protein, which 

can then be captured and detected by western blot (Liu et al., 2007). This method 

has similar advantages to BioID as weak and transient interactors can be identified 

and labelling occurs before lysis meaning protein complexes do not need to be 

maintained. Biotin can be used as the label in this protocol, which can be captured 

and detected by streptavidin in a similar way to the BioID protocol. By expressing 

Abi3 linked to this labelled crosslinker and the putative interactor in the same cell 

line, the requirement for gentle lysis is removed and detection of the label on the 

putative interactor would strengthen evidence that the identified protein is a true 

interactor of Abi3.  

An innate limitation of BioID is the requirement of an exogenous bait protein. In order 

to label the protein interactome, the biotin ligase must be attached to the bait. This 
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addition may cause incorrect folding of the bait protein, affecting its localisation and 

function. It is therefore important to validate the cell lines before performing BioID 

experiments to confirm the bait protein is as similar to the endogenous protein as 

possible. HA-BirA*-Abi3 was confirmed to be expressed in the same cellular 

compartment as endogenous Abi3 and the identification of WRC proteins infers 

normal functioning of the protein, although does not confirm it. In this respect, IPs 

have an advantage over BioID as endogenous bait proteins are captured. However, 

difficulty in extracting proteins with gentle lysis and the requirement for a highly 

specific antibody against the endogenous protein to avoid cross-reactivity are major 

limitations.  

3.3.3 Conclusions 

Using BioID, 10 putative interactors of Abi3 were identified in this chapter, including 

8 novel interactions. As discussed in sections 3.2.6 and 3.3.2, validation of physical 

interaction of these putative interactors was not achieved due to difficulty in protein 

extraction with gentle lysis. If these interactions are confirmed, this interactome 

suggests previously unknown functions of Abi3, including alternative mechanisms of 

actin regulation via Mtss1, a role in inflammatory signalling pathways via Ccdc22 and 

Pi3kap1, and possible regulation of translation via Gigyf2. The results presented 

here also show that BioID can give novel insights into the functional mechanism of 

proteins based on enriched functional processes within the putative interactome, 

building a foundation for further investigation.  
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Chapter 4 – Investigation of the Protein Interactome of the AD 

Risk Variant Abi3-S212F 

 

4.1 Introduction 

4.1.1 ABI3 AD-Associated Risk Variants  

ABI3 was first associated with AD risk by Sims et al. (2017) using whole-exome 

microarray genotyping of LOAD patients and age-matched controls. The SNP 

rs616338 was identified and mapped to ABI3 where it was found to be a g.624C>T 

substitution resulting in a p.S209F amino acid missense substitution (Figure 4.1a-b).  

While the mechanism of risk of ABI3-S209F is unknown, changes to the primary 

sequence of the protein can alter its function through a range of mechanisms, 

including the loss or gain of PPIs. The association of ABI3-S209F with AD has been 

replicated since the first report but has not yet been linked to specific AD phenotypes 

(Olive et al., 2020, Conway et al., 2018). Elucidating the mechanism by which this 

risk variant influences AD pathology will enhance our understanding of how ABI3-

S209F contributes to overall AD risk, highlighting pathways that may be targets for 

therapeutic intervention.  

Multiple sequence alignment confirms the mouse equivalent variant as p.S212F 

(Figure 4.1c). The work undertaken in this chapter uses the Abi3-S212F variant as 

BV2 cells are of mouse origin and interactions between human ABI3 and mouse 

prey proteins may not be physiologically relevant. The reasons for the use of the 

BV2 cell line over human immortalised microglial lines are explored in chapter 1 

(section 1.2.3). As evidenced in chapter 3, BioID is an effective method to identify 

protein interactomes. By characterising the Abi3-S212F interactome and comparison 

with the Abi3 interactome described in chapter 3, a potential mechanism of AD risk 

may be uncovered. Coding SNPs can influence protein interactions by loss or gain of 

interactions as well as complete node removal for more disruptive variants. The work 

described here investigates the protein interactome of Abi3-S212F in BV2 cells using 

BioID and MS. 
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Figure 4.1 Identification of ABI3-S209F association with AD and sequence alignment to mouse orthologue. A) The rs616338 SNP was 

associated with increased AD risk by Sims et al. (2017) and mapped to the ABI3 gene. B) The g.624C>T substitution results in a p.S209F amino acid 

missense substitution in the protein sequence. C) Multiple sequence alignment with the mouse orthologue of ABI3 (Abi3) shows the equivalent change 

results in a p.S212F amino acid missense mutation. Figure adapted from Sims et al. (2017).  
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4.1.2 Aims 

The aim of the work covered in this chapter was to define the protein interactome of 

the AD risk variant Abi3-S212F in BV2 cells. This was achieved by capture and 

identification of proximal proteins by BioID and MS in BV2 cells stably expressing 

HA-BirA* and HA-BirA*-Abi3-S212F fusion proteins. The interactome determined 

here was then compared to the interactome of wild type Abi3 determined in chapter 

3 to investigate possible functions disrupted by the p.S212F amino acid substitution.  

 

4.2 Results 

4.2.1 Generation and Validation of BV2 Cells Stably Expressing HA-BirA*-Abi3-

S212F 

Stable BV2 lines expressing HA-BirA*-Abi3-S212F were generated by lentiviral 

transduction (Figure 4.2; see section 3.2.1 for generation and validation of HA-BirA* 

line). The fusion protein sequence and the puromycin resistance gene were 

separated by an IRES enabling both genes to be expressed under the control of the 

mPGK promoter. By contrast, GFP was expressed under the control of the CMV 

promoter. The full DNA sequence encoding HA-BirA*-Abi3-S212F can be found in 

appendix 2 (see appendix 1 for HA-BirA* DNA sequence). 

Expression and localisation of the fusion protein was validated with 

immunocytochemical staining of the protein containing the HA epitope (Figure 4.3a). 

Anti-HA-immunoreactivity was detected in the cytoplasm of GFP+ cells and did not 

overlap with nuclear DAPI staining. This is consistent with reports of the cellular 

localisation of Abi3 in the literature and the localisation of the HA-BirA*-Abi3 protein 

in chapter 3 (Satoh et al., 2017). These data also show that the Abi3-S212F variant 

does not cause gross mislocalisation of the protein. As with the HA-BirA*-Abi3 cell 

line, not all GFP positive cells appeared to express the HA epitope as they were not 

expressed under the same promoter. This was so HA-BirA*-Abi3-S212F and 

puromycin could be expressed under the same promoter. Expression and function of 

the BirA* biotin ligase was validated with streptavidin labelling of biotinylated proteins 

by western blot (Figure 4.4). Biotinylated proteins were successfully detected with 

streptavidin suggesting that the biotin ligase was successfully expressed and 

functional. 
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Figure 4.2 Schematic of structure of lentiviral vector and fusion protein. A) A lentiviral vector 

was used to transduce the Abi3-S212F sequence to generate a stable BV2 cell line. BirA* is the 

mutated form of the E. coli biotin ligase BirA* which prematurely releases bioAMP, resulting in 

promiscuous biotinylation of surrounding proteins. B) The BioID protein was designed with an HA 

epitope joined to the N-terminus of the BirA* sequence via a linker. The HA-BirA* sequence was 

joined to the N-terminus of full length Abi3-S212F, also via a linker.  
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4.2.2 Biotin-Affinity Capture of the Abi3-S212F Interactome in BV2 Stable Cell 

Line 

Protein interactors of Abi3-S212F were captured in BV2 cells expressing HA-BirA*-

Abi3-S212F by streptavidin affinity chromatography. Cells were incubated with 50 

µM biotin then lysed and incubated with streptavidin Dynabeads to capture 

biotinylated proteins. Non-biotinylated proteins were removed by washing the beads 

and remaining biotinylated proteins and denatured and eluted. Protein in the eluted 

samples were resolved by SDS-PAGE and detected by western blotting with 

Figure 4.3 Characterisation of BV2 cells stably expressing HA-BirA*-Abi3-S212F A) 

Immunocytochemistry confirms successful transduction of exogenous protein and cytoplasmic location of 

Abi3-S212F. The lack of correlation between GFP positive and HA positive cells is likely due to these genes 

being expressed under different promoters. Blue = DAPI, red = HA (Abi3-S212F), green = GFP. B) 

Streptavidin western blot shows successful expression of exogenous protein in BV2 cells and functioning of 

biotin ligase. Labelling of biotinylated proteins captured with BirA* control bait and Abi3 wild type bait for 

comparison. 
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Streptavidin IR800 (Figure 4.4). Compared to the input (lane 1) the first elution (lane 

3) showed higher fluorescence confirming enrichment of biotinylated proteins. Low 

fluorescence in the unbound protein sample (lane 2) indicated successful capture of 

biotinylated proteins during bead incubation. The second, third, and fourth elutions 

(lanes 4-6) also show low fluorescence confirming successful elution of biotinylated 

proteins from the beads. These results confirm expression of the HA-BirA*-Abi3-

S212F, proper functioning of the biotin ligase, and successful capture of biotinylated 

proteins.  

4.2.3 Proteomic Analysis of Protein Interactome 

Biotinylated proteins from elution 1 were run on a 4-12% polyacrylamide gel for 15 

minutes (Figure 4.5). Proteins were visualised with GelCodeTM Blue stain reagent 

and bands excised from the gel before being sent for MS analysis. These proteins 

were identified by MS at the Fingerprints Proteomics Facility at the University of 

Dundee. After trypsinisation and peptide separation by LC, the mass and charge 

Figure 4.4 Biotin affinity capture of HA-BirA*-Abi3-S212F associated proteins. Enrichment 

of protein in elution 1 compared to the input sample indicates higher concentration of 

biotinylated proteins in the elution. Low fluorescence in the unbound (lane 2) and subsequent 

elution samples (lanes 4-6) confirmed capture and elution of biotinylated proteins. 
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(m/z) of each peptide was determined by MS/MS allowing the sequence of each 

peptide to be assigned and mapped to individual proteins. Proteins in the original 

samples were identified by matching the peptide sequences to the Swiss-Prot 

protein database for Mus musculus. At least two unique peptide sequences were 

required to verify the identity of a protein. 

The data generated from the control cell line (HA-BirA*, described in chapter 3) was 

used to create a list of background proteins. This list was used to determine putative 

interactors of Abi3-S212F by SAINTexpress. Five replicates were performed to 

increase the statistical power of identifying putative interactors, the reproducibility of 

which are assessed in Figure 4.6. A total of 891 proteins were identified in the Abi3-

S212F data, 230 of which were present in all five replicates. 695 proteins captured in 

the HA-BirA*-Abi3-S212F cells were also present in the control data and 196 were 

unique to the Abi3-S212F data. 

Figure 4.5 Separation of proteins for MS analysis. A representative gel of proteins from 

elution 1 separated by SDS-PAGE. Proteins were run on the gel for 15 minutes and visualised 

with GelCode™ Blue stain reagent. HA-BirA*-Abi3-S212F lanes were individually excised 

from the gel and sent to the FingerPrints Proteomics Facility at the University of Dundee for 

MS analysis.   
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Figure 4.6 Reproducibility of BioID replicates. Number of proteins identified in each replicate from the Abi3-S212F BioID data. Of the 891 proteins 

identified in the data, 230 proteins were found in all 5 replicates. The second dataset (Abi3-S212F.R2) contained the largest number of proteins of all 

the replicates, 100 of which were unique to this sample. Inset) Overlap of proteins between all BirA* control and Abi3-S212F data. In total 1,469 

proteins were identified, 695 of which appeared in both the control and the Abi3-S212F datasets. 578 were unique to the control data and 196 were 

unique to the Abi3-S212F dataset. Blue bar represents the proteins identified in all replicates. 
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4.2.3.1 SAINTexpress 

Putative interactors were identified by SAINTexpress, as described in section 3.2.3.1 

(Choi et al., 2011). Proteins determined to be putative interactors of Abi3-S212F 

were taken for GO, STRING, and POI analysis. 

Of the 892 proteins identified by BioID, 21 were found to be putative interactors by 

SAINTexpress. These data were visualised by plotting the SAINT score for each 

protein captured against log2 of the fold change (Figure 4.7, Table 4.1). Putative 

interactors are shown in blue. The abundance of each protein is represented by the 

size of the bubble.  

The peptide data for all identified putative interactors of Abi3-S212F can be found in 

Supplementary table 2.1 in appendix.  

4.2.3.2 STRING Annotation 

For all further analyses, protein IDs were converted to their human orthologues as 

there is more complete human data and PPIs are relatively well conserved between 

species (Sharan et al., 2005, Qian et al., 2011, Pérez-Bercoff et al., 2013).  

Known interactions between proteins identified as putative interactors of Abi3-S212F 

were downloaded from the STRING database (v11.5; https://string-db.org/) 

(Szklarczyk et al., 2021). Physical interactions from high-throughput experiments and 

other existing databases were obtained from the STRING database using a medium 

confidence interaction score (0.4) (Figure 4.8).  

Part of the WRC network was identified among the putative interactors of Abi3-

S212F (WASF2, CYFIP1), as well as the tyrosine-protein kinase ABL2 (Abelson 2, 

also known as Abelson-related gene). The only other known interaction identified 

was between CEP170 and WDR62 (WD repeat-containing protein 62). No other 

previously determined interactions were found between the remaining putative 

interactors of Abi3-S212F identified by BioID

https://string-db.org/
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Table 4.1 Abi3-S212F-associated proteins prioritised by SAINTexpress. The identified proteins were detected by MS of BioID samples from 

HA-BirA*-Abi3-S212F stable BV2 lines. Proteins which passed the significance threshold <0.05 BFDR after probabilistic scoring of protein-protein 

interaction by SAINTexpress are above the black line. SAINT determines putative interactors from non-specifically bound proteins by calculating 

the fold change between the data and a negative control affinity-purification sample. To be considered a putative interactor, the prey protein must 

appear in the Abi3-S212F dataset at a significantly higher level than in the BirA* control data. Proteins are sorted first by BFDR value (lowest to 

highest) then by fold change (highest to lowest). The bait protein is highlighted in bold. Title annotations: Spec: spectral counts for the bait-prey 

pair in each replicate. SpecSum: sum of spectral counts across all replicates. AvgSpec: mean spectral count. crtlCounts: spectral count in each 

negative control replicate. SaintScore: probability of being an interactor. FoldChange: average spectral count in test interaction divided by the 

average in controls. BFDR: Bayesian false discovery rate. 

# Protein Accession Spec SpecSum AvgSpec ctrlCounts SaintScore FoldChange BFDR 

1 Cyfip1 Q7TMB8 21|33|72|24|25 175 35 0|0|0|0|0 1 350 0 

2 Mtss1 Q8R1S4 18|31|18|16|21 104 20.8 0|0|0|0|0 1 208 0 

3 Arhgap12 Q8C0D4 4|12|8|5|9 38 7.6 0|0|0|0|0 1 76 0 

4 Evi2b Q8VD58 3|9|9|6|6 33 6.6 0|0|0|0|0 1 66 0 

5 Pik3ap1 Q9EQ32 3|7|6|7|8 31 6.2 0|0|0|0|0 1 62 0 

6 Wasf2 Q8BH43 46|54|30|38|35 203 40.6 2|0|2|0|0 1 50.75 0 

7 Abi3 Q8BYZ1 125|130|63|76|61 455 91 9|0|0|0|0 1 50.56 0 

8 Abl2 Q4JIM5 2|4|3|3|7 19 3.8 0|0|0|0|0 0.98 38 0 
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9 Mtmr1 Q9Z2C4 3|3|4|3|3 16 3.2 0|0|0|0|0 0.99 32 0 

10 Tanc1 Q0VGY8 22|49|33|31|30 165 33 4|0|2|0|0 1 27.5 0 

11 Cep170 Q6A065 167|214|139|131|120 771 154.2 20|4|12|5|4 1 17.13 0 

12 Ruvbl2 Q9WTM5 18|26|20|20|16 100 20 7|0|0|4|0 0.95 9.09 0 

13 Usp15 Q8R5H1 9|13|14|11|12 59 11.8 3|0|2|3|0 0.99 7.38 0 

14 Glmn Q8BZM1 3|2|2|2|2 11 2.2 0|0|0|0|0 0.93 22 0.01 

15 Cbl P22682 6|24|11|8|10 59 11.8 3|0|0|0|0 0.95 19.67 0.01 

16 Eif4g2 Q62448 8|16|13|11|15 63 12.6 4|2|2|4|0 0.94 5.25 0.01 

17 Dbt P53395 4|7|21|18|14 64 12.8 4|0|0|2|0 0.83 10.67 0.02 

18 Stat3 P42227 0|3|4|6|9 22 4.4 0|0|0|0|0 0.8 44 0.03 

19 Wdr62 Q3U3T8 0|6|3|4|4 17 3.4 0|0|0|0|0 0.8 34 0.04 

20 Arfgap1 Q9EPJ9 2|14|15|12|11 54 10.8 4|2|0|0|0 0.8 9 0.04 

21 Ripk3 Q9QZL0 0|4|4|2|4 14 2.8 0|0|0|0|0 0.78 28 0.05 

22 Cyld Q80TQ2 0|4|3|2|5 14 2.8 0|0|0|0|0 0.78 28 0.06 

23 Pcm1 Q9R0L6 4|7|2|2|0 15 3 0|0|0|0|0 0.77 30 0.07 

24 Ccdc22 Q9JIG7 5|5|2|2|0 14 2.8 0|0|0|0|0 0.77 28 0.07 
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25 Zwint Q9CQU5 3|5|2|2|0 12 2.4 0|0|0|0|0 0.76 24 0.08 

26 Trio Q0KL02 0|2|2|2|2 8 1.6 0|0|0|0|0 0.74 16 0.09 

27 Gapvd1 Q6PAR5 2|10|3|4|4 23 4.6 2|0|0|0|0 0.76 11.5 0.09 

28 Apbb1ip Q8R5A3 7|4|2|6|5 24 4.8 3|0|0|0|0 0.73 8 0.1 

29 Sorbs1 Q62417 5|7|6|5|5 28 5.6 3|0|2|0|0 0.72 5.6 0.11 

30 Limd1 Q9QXD8 5|13|7|9|7 41 8.2 4|3|2|0|0 0.68 4.56 0.11 
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Figure 4.7 Fold change and SAINT score from SAINTexpress. Proteins identified by MS in Abi3-S212F BioID samples. Data are represented as log2 

of the fold change (difference in protein count from control data) plotted against the SAINT score (probability of protein being a putative interactor). Each 

bubble on the plot denotes an individual protein. The size of the bubble represents the abundance of each protein in the data, calculated by the sum of 

the spectral counts. Proteins identified as being putative interactors of Abi3-S212F (<0.05 BFDR) are labelled. Blue = putative interactor, grey = non-

interactor. 
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Figure 4.8 Protein-protein interaction network of Abi3-S212F-associated proteins. Known interactions between the human 

orthologues of the high-confidence Abi3-S212F interactors obtained from the STRING v11.5 database. ABI3 is highlighted in red with 

known interacting network members in blue. A known interaction between CEP170 and WDR62 was identified (purple). Proteins with 

no known interactions within the set are marked in grey. Putative interactors of Abi3-S212F also identified as putative interactors of Abi3 

in chapter 3 are labelled in red. 
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4.2.4 Functional Annotation of Interactors 

Metascape enrichment analysis (http://metascape.org) (Zhou et al., 2019) was used 

to functionally annotate the putative interactors of Abi3-S212F. The top process 

identified was the ABI3-WAVE2-CYFIP1 complex while many of the enriched 

functions related to cell motility and morphology (Figure 4.9, Table 4.2). Processes 

such as regulation of endocytosis and tyrosine kinase and guanosine triphosphate-

ase (GTPase) signalling were also enriched among the functions of the putative 

interactors of Abi3-S212F.  

 

Table 4.2 Summary of functional terms enriched in the list of genes encoding Abi3-

S212F-associated proteins from Metascape. All annotations are grouped into functional 

clusters with one representative enriched term presented. Count: number of genes with 

membership in identified gene ontology term. Percentage: percentage of genes with at least 

one annotation found in identified gene ontology term. 

 

 

 

Category Description Count % 

CORUM ABI3-WAVE2-CYFIP1 

complex 

3 14.29 

WikiPathways Acute viral myocarditis 3 14.29 

GO Biological Processes regulation of small GTPase 

mediated signal transduction 

4 19.05 

Canonical Pathways PID PDGFRB PATHWAY 3 14.29 

GO Biological Processes hemopoiesis 4 19.05 

GO Biological Processes regulation of T cell activation 3 14.29 

GO Biological Processes response to radiation 3 14.29 

GO Biological Processes morphogenesis of an 

epithelium 

3 14.29 

http://metascape.org/
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Figure 4.9 Biological process annotations for Abi3-S212F-associated proteins identified by BioID. 

Enrichment analysis from Metascape was used to identity biological processes enriched in the human 

orthologues of the identified putative interactors of Abi3-S212F. The heatmap is coloured according to p-value 

and plotted with the -log10(P) score. 
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4.2.5 Proteins of Interest 

The interactors detailed above are all novel interactors of Abi3-S212F as no data on 

the interactome of this Abi3 variant has previously been published. Protein 

interactors of Abi3, both confirmed in the literature replicated in this study (chapter 

3), were also identified as putative interactors of Abi3-S212F. The majority of Abi3-

S212F putative interactors were however found to be interactors of wild type Abi3. 

Comparison of these protein interactomes may elucidate mechanistic differences 

between the variants.  

 

4.3 Discussion 

The main aim of the experiments described in this chapter was to identify the protein 

interactome of the AD risk variant Abi3-S212F in BV2 cells using BioID and MS. As 

the exact molecular role of wild type Abi3 is not yet established, comparison of the 

interactome detailed here to the wild type Abi3 interactome (chapter 3) both 

strengthens evidence for the role of Abi3 in the WRC regulating actin polymerisation 

as well as potential novel roles discussed in section 3.3.1. Here, processes in which 

multiple putative interactors of Abi3-S212F are associated are discussed along with 

comparisons to the Abi3 interactome defined in chapter 3.  

Of all the proteins captured from cells expressing either HA-BirA*-Abi3 or HA-BirA*-

Abi3S212F, 748 were identified in both conditions. 372 were found only in HA-BirA*-

Abi3 expressing cells and 144 were unique to HA-BirA*-Abi3S212F cells (Figure 

4.10a). Of the proteins determined to be putative interactors, 7 were identified as 

putative interactors of both Abi3 and Abi3-S212F (Figure 4.10b).  

4.3.1 Abi3-S212F Exists in Similar Pathways to Abi3 

Seven of the putative interactors of Abi3 were also identified as putative interactors 

of Abi3-S212F (Figure 4.11). This suggests that Abi3-S212F participates in similar 

cell processes as wild type Abi3, although novel protein interactors for Abi3-S212F 

were also identified.  
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Figure 4.10 Overlap of proteins captured from Abi3 and Abi3-S212F expressing cells. A) 748 proteins 

were identified by MS in both HA-BirA*-Abi3 and HA-BirA*-Abi3-S212F expressing cells. 372 were unique 

preys of Abi3 and 144 were unique to Abi3-S212F. B) 8 proteins were determined to be putative interactors 

of both HA-BirA*-Abi3 and HA-BirA*-Abi3-S212F by SAINTexpress. 2 proteins were determined to be 

putative interactors of Abi3 only and 12 were unique to Abi3-S212F. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.1.1 HA-BirA*-Abi3-S212F Interacts with the WRC 

Among the putative interactors of Abi3-S212F identified by SAINTexpress was a 

network of proteins involved in the WRC (Cyfip1, Wasf2, Abi3). The ABI3-WAVE2-

CYFIP1 complex was also the top process enriched for this list of proteins using the 

Metascape enrichment analysis. WASF2 and CYFIP proteins are known interactors 

of ABI3 within the WRC, and the data presented herein suggests that they also 

interact with Abi3-S212F.  

4.3.1.2 HA-BirA*-Abi3-S212F May Interact with Other Cytoskeleton Associated 

Proteins 

Mtss1, Abl2, Cep170, and Wdr62 have roles regulating the cytoskeleton. As 

discussed in section 3.3.1.2, Cep170 is a centrosomal protein responsible for 

organising microtubules while Mtss1 regulates the actin cytoskeleton via Arp2/3 

independently of the WRC.  
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Abl2 is a tyrosine kinase essential for the stability of actin structures. The protein 

contains two filamentous actin binding domains and Abl2 deficiency impairs the 

formation of lamellipodia (Bradley and Koleske, 2009). Phosphorylation of cortactin 

by Abl2 is a key mechanism in actin regulation. Cortactin is enriched within 

lamellipodia and activates the Arp2/3 complex, causing branching of actin filaments 

(Wang et al., 2015a, Weaver et al., 2001). As Abl2 is a putative interactor of Abi3-

S212F but not Abi3, the variant may contribute to AD risk by disrupting the normal 

function of Abl2 and thereby impacting lamellipodia formation and cell motility and 

morphology independent of the WRC.  

Wdr62 is a microtubule-associated protein which regulates centriole duplication, glial 

cell development, and spindle assembly. Wdr62 interacts with Cep170 during spindle 

assembly and Wdr62 knockout results in downregulation of Cep170, impacting 

spindle organisation (Zhang et al., 2019a, Qin et al., 2019, Zhi et al., 2021). The 

identification of Cep170 as a putative interactor of both Abi3 and Abi3-S212F 

supports a novel role of Abi3 in microtubule and spindle regulation, however 

verification of physical interaction between these two is required. The detection of 

Wdr62 as a putative interactor of Abi3-S212F only could suggest that interaction with 

Wdr62 can only occur with the variant, for example if the amino acid substitution 

produces a confirmational change exposing sites in the protein structure able to bind 

Wdr62. Alternatively, it is possible that Wdr62 was captured at higher levels with 

expression of the HA-BirA*-Abi3-S212F bait if interaction between Abi3-S212F and 

Cep170 was stronger or more frequent than between Abi3 and Cep170. 

Interestingly, Wdr62 was identified as a potential interactor of HA-BirA*-Abi3 but was 

fell below the statistical criterion (fold change: 42, BFDR: 0.2) for putative interactors. 

Abi3 may form a physical interaction with Cep170 as part of a Cep170-Wdr62 

complex, but not with Wdr62 itself. This may explain higher levels of biotinylation and 

therefore capture of Wdr62 compared to the BirA* control. A stronger interaction 

between Abi3-S212F and Cep170 may also explain the increase in biotinylation and 

capture of Wdr62 in these cells compared to HA-BirA*-Abi3 cells. Investigation of 

physical interactions between Abi3/Abi3-S212F and Cep170 and Wdr62 may 

elucidate the mechanism of the potential role of Abi3 in spindle assembly.  



Chapter 4 – Abi3-S212F Protein Interactome 

 

[110] 
 

4.3.1.3 HA-BirA*-Abi3-S212F May Interact in Inflammatory Signalling Pathways 

Microglia are key cellular regulators of inflammatory responses within the brain and 

neuroinflammation has been implicated in AD pathology (see section 1.2.2 for further 

discussion). Two proteins, Pik3ap1 and Stat3, involved in the inflammatory response 

were identified as putative interactors of Abi3-S212F.  

Pik3ap1, also identified as a putative interactor of Abi3, links Toll-like receptor 

signalling to Pi3k activation and prevents excessive inflammatory cytokine 

production. Higher spectral counts for Pik3ap1 were found in Abi3-S212F expressing 

cells compared with Abi3 expressing cells but this was not determined to be 

statistically significant.  

Signal transducer and activator of transcription 3 (Stat3) is a regulator of the immune 

response that was also identified as a putative interactor of Abi3-S212F. Stat3 was 

initially studied as a transcription factor but was later discovered to have roles in 

pathways regulating immune processes (Hillmer et al., 2016). In microglia, STAT3 

has been found to mediate cell activation, proinflammatory processes, and 

upregulate proinflammatory genes (Przanowski et al., 2014, Huang et al., 2008, 

Chen et al., 2017b). Given the cytoplasmic location of Abi3 in BV2 cells, a physical 

association between Abi3-S212F and Stat3 in microglia is more likely to be involved 

in inflammatory signalling rather than transcription regulation. 

4.3.1.4 p.S212F May Cause Increased Association of Abi3 with the WRC 

Abi3 has previously been identified as a component of the WRC, and data presented 

in chapter 3 provides evidence of Abi3 interaction with known WRC proteins in BV2 

cells. These proteins were also identified as putative interactors of Abi3-S212F but at 

an apparently increased level of abundance when spectral counts for each protein 

were compared. Spectral counts for each protein were normalised to the spectral 

count of the bait protein (Abi3 and Abi3-S212F) to account for differences in 

expression level of the bait protein and capture of biotinylated proteins. Normalised 

average spectral counts were compared and levels of both Wasf2 and Cyfip1 

captured in Abi3-S212F cells were significantly higher than those from cells 

expressing Abi3 (Mann-Whitney U test, p<0.05; Figure 4.11). Apparent increases in 

abundance of Wasf2 and Cyfip1 may have occurred if higher levels of these proteins 

were proximal to HA-BirA*-Abi3-S212F compared to HA-BirA*-Abi3. The most likely 
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explanation for this is that Abi3-S212F forms a tighter association with the WRC than 

wild type Abi3. 

These data may be explained by the phosphorylation state of Abi3. It is thought that 

the non-phosphorylated form of Abi3 is incorporated into the WRC and 

phosphorylation by PKB at residue S342 results in an inactive form of Abi3 (Moraes 

et al., 2017). ABI3-S209F is predicted to disrupt phosphorylation, with some 

evidence showing a lack of phosphorylated ABI3 in cells transfected with ABI3-

S209F (Ibanez et al., 2022, Turner et al., 2022). WRC activation in microglia 

expressing this variant would be lower than cells expressing wild type Abi3 and may 

therefore show reduced Arp2/3 activation and actin filament branching (Figure 4.12). 

Branched actin filaments form lamellipodia, thin cytoplasmic sheets at the leading-

edge of the plasma membrane are thought to be the main driver of microglial 

movement. From lamellipodia, parallel actin filament structures known as filopodia 

form which contribute to cell-to-cell signalling, environment sensing, and extra-

cellular matrix adhesion (Franco-Bocanegra et al., 2019). As the expression of Abi3-

S212F may reduce actin branching by outcompeting other Abi paralogues the 

formation of lamellipodia is likely to be disrupted, thereby impairing microglial 

migration. Filopodia however would not be affected as parallel actin structures can 

still form through actin polymerisation.  

Based on the data presented herein, the proposed reduction in WRC activation may 

be a mechanism of AD risk conferred by Abi3-S212F. A non-phosphorylated Abi3 

variant would outcompete other Abi paralogues for incorporation into the WRC, 

reducing Arp2/3 activation, actin branching, and lamellipodia formation resulting in 

less motile microglia (Franco-Bocanegra et al., 2019). Migration of microglia to Aβ 

plaques could therefore be negatively affected.  

Activation of Arp2/3 by the WRC is also required for morphological changes 

associated with phagocytosis through actin nucleation (Kim et al., 2018). Reduction 

of WRC activity by incorporation of Abi3 may therefore also reduce the ability of 

microglia to phagocytose Aβ plaques and apoptotic neurons. The presence of a 

variant of Abi3 that leads to hypo-phosphorylation of Abi3 may therefore influence 

risk for AD by disrupting both microglial motility and morphological dynamics.  
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4.3.1.5 p.S212F May Cause Increased Association of Abi3 with Cep170 

The amount of Cep170 captured and identified in Abi3-S212F expressing BV2 cells 

was significantly higher compared to the levels of Cep170 captured in Abi3 

expressing cells (Figure 4.11). This suggests a stronger or more frequent interaction 

of Abi3-S212F with Cep170 compared to Abi3. As Cep170 is known to organise 

microtubules in centrioles and play key roles in spindle organisation during mitosis, it 

is possible that Abi3 influences this pathway via interaction with Cep170. 
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Figure 4.11 Relative abundance of putative interactors of both Abi3 and Abi3-S212F. Average spectral counts of each putative 

interactor were normalised to the average spectral count of the bait protein (Abi3 and Abi3-S212F) to account for differences in expression 

levels and capture of biotinylated proteins. Cyfip1, Mtss1, Wasf2, Cep170, and Tanc1 were found to be significantly more abundant in 

samples from Abi3-S212F expressing cells compared to Abi3 cells (Mann Whitney U Test, p<0.05). Red bars represent normalised 

average spectral count of putative interactor from HA-BirA*-Abi3 expressing cells. Normalised spectral counts of putative interactor from 

each replicate are represented by red dots. Blue bars represent normalised average spectral count of putative interactor from HA-BirA*-

Abi3-S212F expressing cells. Normalised spectral counts of putative interactor from each replicate are represented by blue dots. Error 

bars = standard error of the mean. 
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Figure 4.12 Proposed model of Abi3-S212F function in microglia. A) In cells expressing wild type 

Abi3, Abi1 and Abi3 can compete for interaction with the WRC. When Abi1 is part of the complex, 

phosphorylation of Wasf2 occurs causing the translocations of the WRC to the plasma membrane where 

it activates the Arp2/3 complex. Arp2/3 mediates the nucleation of actin filaments resulting in branched 

actin structures. These structures cause lamellipodia to form, the main drivers of microglial movement. 

When Abi3 is part of the WRC, Wasf2 is not phosphorylated and so the Arp2/3 complex is not activated. 

Actin filaments are then free to form parallel structures resulting in filopodia formation, structures key to 

the environmental scanning roles of microglia. B) In cells expressing Abi3-S212F, tighter associations 

form between Abi3-S212F and Wasf2/Cyfip1. This may cause Abi3-S212F to out compete Abi1 for 

interaction with the WRC, resulting in an inhibition of Wasf2 phosphorylation leading to less actin 

nucleation mediated by the Arp2/3 complex and an increase in filopodia formation. Figure created in 

BioRender. 
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4.3.2 p.S212F Results in Gain of Interactions 

The most obvious difference between the protein interactomes of Abi3 and Abi3-

S212F was the greater number of putative interactors of Abi3-S212F. 13 proteins 

were identified as putative interactors of Abi3-S212F only. Proteins within the 

ubiquitin system, regulators of Rho GTPases, the cytoskeleton, and immune 

responses were associated with Abi3-S212F but not Abi3. The effect of these gains 

of interaction remains to be determined empirically, along with validation of direct 

interaction. Both gains and losses of interaction may be due to variability between 

biological replicates and so confirming direct interaction, or lack thereof, is required. 

Defining the differences in microglial phenotypes due to expression of Abi3-S212F 

may also highlight which specific pathways are likely to be altered and this 

interactome can then be used to identify specific proteins for further investigation.  

4.3.2.1 HA-BirA*-Abi3-S212F May Interact with the Ubiquitin System 

The ubiquitin system is responsible for protein degradation and plays critical roles in 

signal transduction, immune response, and cell development and death. Ubiquitin 

ligases are responsible for the addition of ubiquitin to lysine residues of proteins and 

deubiquitinases (DUB) remove ubiquitin from proteins. HA-BirA*-Abi3-S212F was 

found to potentially interact with the E3 ubiquitin-protein ligase Casitias B-lineage 

lymphoma (Cbl), the DUB Usp15, and the ubiquitin ligase inhibitor glomulin (Glmn).  

Abi3-S212F appears to interact with proteins involved in both the addition and 

removal of ubiquitin from proteins. Both ubiquitination and de-ubiquitination are 

important processes in the degradation of proteins by the proteosome, with 

ubiquitination resulting in aggregation of proteins and de-ubiquitination removing the 

ubiquitin tag for recycling. The identification of these proteins as putative interactors 

of Abi3-S212F but not Abi3 may reflect greater degradation of Abi3-S212F, possibly 

as a protective mechanism. 

4.3.2.2 HA-BirA*-Abi3-S212F May Interact with Rho GTPase Regulators 

Finally, the Rho GTPase-activating protein Arhgap12 was determined to be a 

putative interactor of Abi3-S212F. This protein negatively regulates Rac1 signalling 

by increasing GTP hydrolysis, resulting in inactive GDP-bound GTPases (Gentile et 

al., 2008). Rac1 is known to bind and activate the WRC and was identified as a 

central protein in a protein domain network associated with AD (Chen et al., 2017a, 
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Kikuchi et al., 2020). An interaction with Abi3-S212F may disrupt Arhgap12 function, 

affecting regulation of the WRC and the ability of microglia to control the actin 

cytoskeleton. A decrease in Arhgap12 function would likely result in increased 

activation of the WRC due to a reduction in GDP-bound Rac1. Conversely, if Abi3-

S212F interaction increases Arhgap12 activity, this may be an additional pathway by 

which this variant reduces WRC activation, contributing to less motile microglia. 

4.3.3 p.S212F Results in Loss of Interactions 

The p.S212F substitution in Abi3 may have resulted in the loss of two interactors, 

Gigyf2 and Ccdc22, with Abi3. Gigyf2, a repressor of protein translation, and 

Ccdc22, an NF-κB and endosomal sorting regulator, were both identified by MS in 

samples from Abi3 and Abi3-S212F expressing cells but were determined to be 

putative interactors of Abi3 only. If these proteins are validated as direct or indirect 

interactors of Abi3, this suggests that the p.S212F substitution may prevent Abi3 

associating with these proteins.  

Gigyf2 inhibits protein translation to prevent the translation of defective mRNAs 

(Hickey et al., 2020). If loss of Abi3 interaction reduces the function of Gigyf2 there 

may be a disruption of ribosomal quality control in protein synthesis. Alternatively, if 

loss of Abi3 interaction causes an increase in Gigyf2-mediated translation repression 

then this mechanism may become overactive, reducing overall protein synthesis.  

Ccdc22 forms part of the CCC complex, which has roles in both NF-κB signalling 

and endosomal sorting. A possible interaction between Abi3 and the CCC complex 

implicates a role for Abi3 in these pathways, disruption to which may contribute to 

the increased AD risk of Abi3-S212F. Proinflammatory signals may be dysregulated 

if Abi3/CCC interaction impacts the inhibition of IκB proteins. Disruption of this 

interaction may also impact protein trafficking/recycling if Abi3 influences the role of 

the CCC complex in mediating endosome localisation.  

4.3.3 Limitations 

As discussed in section 3.3.2, the same limitations of the BioID method apply to the 

data discussed in this chapter. In particular, the lack of validation of physical 

interaction means these novel protein interactors cannot be definitively confirmed. 

However, the capture of known Abi3 interactors, both confirmed in the literature and 

identified in chapter 3, highlights the reliability of BioID in revealing interactors of the 
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bait protein. Even so, evidence of physical interaction is a key to identifying direct 

protein interactors of Abi3 and Abi3-S212F. 

The mechanism of AD risk conferred by Abi3-S212F was investigated by comparison 

of the wild type and variant interactomes. The difference between the normalised 

average spectral count of the putative interactors between the cell lines was 

assessed as a proxy for changes in interaction between the bait and prey proteins. 

The spectral count is a label-free quantification technique to estimate the abundance 

of proteins in a sample from the frequency of all peptides corresponding to the 

matched protein. The more abundant the protein, the more peptides are available for 

sequencing post-trypsinisation and therefore a higher spectral count. A positive 

linear correlation has been shown between spectral count and protein abundance 

(Liu et al., 2004, Old et al., 2005). However, longer proteins are more likely to have a 

higher number of tryptic peptides. The spectral counts were therefore normalised to 

protein length (known as the normalised spectral abundance factor) by 

SAINTexpress to account for this. One of the limitations of using spectral counts as a 

measure of protein abundance is this creates a bias against low-abundance proteins 

(average spectral count <5) due to a larger variation in the spectral counts (Zhou et 

al., 2010). This results in underestimating true protein levels which may introduce 

biases into the data. Differences in protein abundance also does not necessarily 

equate to changes in affinity of protein interaction. Protein binding assays are 

required to confirm if Abi3-S212F does indeed form tighter associations with protein 

interactors than Abi3.  

Finally, the variance between the biological replicates is not assessed. The 

reproducibility of the technical replicates (n=5, Abi3: Figure 3.8, Abi3-S212F: Figure 

4.6) increases the confidence of determining which proteins are putative interactors 

of the bait protein. Whether the differences identified between the interactomes of 

Abi3 and Abi3-S212F are solely due to the genotype or vary between the biological 

replicates remains unknown. To fully repeat these experiments was not viable within 

the scope of this thesis.  

4.3.4 Conclusions 

The data presented herein suggest a putative protein interactome for Abi3-S212F. In 

total, 21 proteins were identified as putative interactors. Comparison to the identified 

wild type Abi3 protein interactors shows that these proteins have different 
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interactomes though both have functional roles within the WRC. Both proteins were 

found to interact in the WRC, strengthening evidence for the role of Abi3 in actin 

organisation as well as the ability of BioID to reliably capture protein interactors. 

Novel interactors were also identified, suggesting that Abi3-S212F influences many 

more pathways than its wild-type counterpart, which may contribute to the 

mechanism of AD risk. Validation of physical interaction is required to present a 

definitive protein interactome of Abi3-S212F, but the data presented here can be 

used as a foundation to refine the interactome and to focus research on likely 

pathological pathways associated with increased risk of AD. 
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Chapter 5 – Investigation of the Trem2 Protein Interactome 

5.1 Introduction 

5.1.1 Trem2 

Variants of TREM2 are associated with an increased risk of AD although the 

mechanism of this risk for some identified variants is unknown (see section 1.3.4.2) 

The Trem2 gene encodes the protein Trem2 (Daws et al., 2001). Trem2 is 

expressed in cells of the myeloid lineage and was first described in dendritic cells 

(Bouchon et al., 2000, Daws et al., 2001). Since then, the protein has also been 

found in other myeloid cells including monocytes, macrophages, and osteoclasts 

(Paloneva et al., 2003, Klesney-Tait et al., 2006, Turnbull et al., 2006). Within the 

brain Trem2 is expressed primarily in microglia (Figure 5.1a) (Schmid et al., 2002, 

Sessa et al., 2004, Jolly et al., 2019).  

Intracellularly, Trem2 is found in two pools: the Golgi complex and exocytic vesicles. 

Stimulation of microglia with ionomycin induces translocation of TREM2 from these 

intracellular pools to the plasma membrane via retromer-mediated protein trafficking 

(Sessa et al., 2004, Prada et al., 2006, Yin et al., 2016). Ionomycin stimulates similar 

activation pathways to LPS in microglia by increasing intracellular calcium 

concentrations but does not induce release of nitric oxide (NO) or cytokines, 

indicating TREM2 activation in response to bacterial infection (Hoffmann et al., 

2003). TREM2 expression is also regulated by TLRs, CD33, and micro-RNAs 

(Bhattacharjee et al., 2016, Chan et al., 2015, Ford and McVicar, 2009, Han et al., 

2017).Ligands of Trem2 were first identified in a mouse lymphoma cell line and 

include bacterial components such as LPS, as well as nucleic acids, ApoE, anionic 

phospholipids, and Aβ (Wang et al., 2015b, Kawabori et al., 2015, Atagi et al., 2015, 

Jendresen et al., 2017, Daws et al., 2003). Upon ligand binding, Dap12 is recruited 

to Trem2, stimulating intracellular signalling pathways (Call et al., 2010, Lanier et al., 

1998) (see section 1.3.4.1). As the protein interactome of Trem2 has not been 

systematically explored, it is possible there are other extracellular ligands and 

intracellular proteins that interact with Trem2.  

The pathological effect of many rare TREM2 coding variants is currently unknown, 

but TREM2-R47H has been one of the most widely studied. The SNP causes an 
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amino acid substitution in the extracellular domain of TREM2 which has been shown 

to negatively affect the receptor’s ability to bind APOE as well as altering 

glycosylation in the TGN and endoplasmic reticulum (Atagi et al., 2015, Bailey et al., 

2015, Park et al., 2016). The R62H and D87N variants have also been shown to 

reduce APOE binding as well as impair uptake of Aβ-lipid complexes (Yeh et al., 

2016). APOE triggers TREM2-mediated phagocytosis of apoptotic neurons tagged 

with APOE (Atagi et al., 2015).Protein aggregates, including Aβ plaques are also 

coated with APOE therefore these variants may increase AD risk by reducing 

microglia’s ability to clear both cellular debris and Aβ plaques (Liao et al., 2015).  

TREM2 is recycled from the plasma membrane by internalisation via clathrin-

mediated endocytosis and trafficked to the TGN by VSP35 in the retromer complex. 

Reduction in Vsp35 was shown to increase accumulation of Trem2 in lysosomes, 

leading to a reduction in proinflammatory responses (Yin et al., 2016). This 

interaction is likely to occur at the retromer recruitment motif in the intracellular 

region of Trem2. Disruption of this region may affect the interaction of TREM2 and 

endocytic proteins, possibly leading to reduced expression of Trem2 through 

impaired receptor recycling. The retromer complex is regulated by proteins such as 

Figure 5.1 Expression of Trem2 proteins in neural and glial cell types. A) Heat map of RNA sequencing 

data from Zhang et al. (2014b) showing relative expression of Trem proteins in different neural cell types. 

Trem2 is almost exclusively expressed in microglia/macrophages compared to other cell types as well as to 

Trem1 and Trem3. B) RNA sequencing data from Carrillo-Jimenez et al. (2019) confirms expression of Trem2 

in BV2 cells. 
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beclin 1, an autophagy protein, reduction of which was found to impair phagocytosis 

via disruption to receptor recycling mechanisms (Lucin et al., 2013). Determining 

intracellular interactors of TREM2 throughout its lifecycle is therefore vital to 

understand the role of TREM2 in microglia. 

As previously discussed in section 1.2.3, BV2 cells are a suitable in vitro microglial 

model. RNA sequencing confirms endogenous expression of Trem2 in this cell line, 

making them suitable for investigating the protein interactome of Trem2 (Figure 5.1b) 

(Carrillo-Jimenez et al., 2019).  

The proximity labelling method BioID was used to determine the protein interactome 

of Trem2 in BV2 cells (see section 1.4.1 for explanation of BioID). A major 

advantage of BioID over AP-MS is its suitability for investigating PPIs involving 

membrane proteins. During cell or tissue lysis, plasma membranes are, by necessity, 

disrupted by detergent treatment along with protein complexes formed at the 

membrane. By labelling interactors during cell culture, disruption of protein 

complexes does not hinder capture of prey proteins. Covalent interactions between 

biotin and lysine residues ensures that biotinylation of proteins is stable throughout 

lysis and subsequent washes. BioID is therefore more suited to the investigation of 

protein interactors of plasma membrane proteins such as Trem2 than other affinity 

purification methods which rely on detergent extraction methods that are known to 

destroy PPIs for plasma membrane-associated proteins.  

5.1.2 Aims 

The aim of the work described in this chapter was to define the intracellular protein 

interactome of Trem2 in BV2 cells. Two stable cell lines expressing the fusion 

proteins HA-BirA* and Trem2-BirA*-HA were generated and validated by 

immunocytochemical and western blot analysis to confirm expression and 

localisation of exogenously expressed proteins. Proximal proteins were identified by 

MS and filtered to identify putativeTrem2 interactors. 
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5.2 Results 

5.2.1 Generation and Validation of BV2 Cells Stably Expressing Trem2-BirA*-

HA 

Generation of the control cell line stably expressing the fusion protein HA-BirA* is 

described in section 3.2.1. The same lentivirus plasmid backbone was used to 

generate the Trem2-BirA*-HA cell line. The fusion protein sequence and puromycin 

resistance gene were expressed under the control of the mPGK promoter, joined by 

an IRES-containing linker, while GFP was expressed under the control of the CMV 

promoter (Figure 5.2). The full DNA sequence encoding the Trem2 fusion protein 

can be found in appendix 3. 

Expression and localisation of the fusion proteins for both the Trem2 and control cell 

lines were validated by immunocytochemical staining of the protein containing the 

HA epitope tag (Figure 5.3b). The BirA* control cell line showed cytoplasmic 

labelling, similar to results generated from this line in chapter 3 (section 3.2.1) In the 

Trem2 stable cell line, HA seemed to be concentrated both at the plasma membrane 

and in a perinuclear pool. This distribution suggests that the Trem2-BirA*-HA protein 

may be located both at the cell surface as well as in and around the Golgi complex 

within intracellular vesicles, though higher power imaging co-localisation with a range 

of intracellular markers, including the Golgi complex, would be needed to confirm this 

(Prada et al., 2006). Again, there was a lack of correlation between GFP positive and 

HA-expressing cells as these genes were expressed under different promoters, with 

the fusion protein gene expressed under the same promoter as the puromycin 

resistance gene. 
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Figure 5.2 Schematic of structure of lentiviral vector and fusion protein. A) The lentiviral 

vector used to transduce the sequence of the Trem2 fusion protein expressed in stable BV2 cell 

lines. B) The Trem2 fusion protein was designed with the BirA* sequence joined via a linker to 

the C-terminus of full length Trem2. This end of the sequence was chosen as the C-terminus 

resides within the cytoplasm and the aim was to capture intracellular interactors of Trem2 rather 

than extracellular ligands. The HA epitope was joined to the C-terminus of the BirA* sequence, 

also via a linker. 
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Figure 5.3 Characterisation of BV2 cells stably expressing Trem2-BirA*-HA. A) 

Immunocytochemistry confirms successful transduction and expression of the exogenous proteins. 

White arrows highlight intracellular localisation of the HA epitope. Blue arrows highlight plasma 

membrane localisation of HA epitope. Lack of co-localisation of GFP positive and HA-epitope positive 

cells is likely due to expression of these genes under different promoters. Blue = DAPI, red = HA 

(Trem2), green = GFP B) Streptavidin western blot shows successful expression of exogenous proteins 

(HA-BirA*: 37 kDa, Trem2-BirA*-HA: 60 kDa) in BV2 cells and functioning of biotin ligase. 
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5.2.2 Biotin-Affinity Capture of the Trem2 Interactome in BV2 Stable Cell Line 

Protein interactors of Trem2 in BV2 stable cell lines expressing Trem2-BirA*-HA 

were captured by streptavidin affinity chromatography. Cells were incubated with 50 

µM biotin, lysed, and biotinylated proteins were captured by incubation of lysates 

with streptavidin Dynabeads. Non-biotinylated proteins were removed during the 

washing stages and the remaining biotinylated proteins were eluted. Proteins were 

resolved by SDS-PAGE and detected by western blotting with streptavidin IR800 

(Figure 0.4).  

The first elution sample (lane 3) was enriched compared to the input sample (lane 1) 

showing a higher concentration of biotinylated samples in elution 1. Low 

Figure 0.4 Biotin affinity capture of Trem2-BirA*-HA and associated proteins. 

Enrichment of proteins from elution 1 compared to the input sample indicates higher 

concentration of biotinylated proteins. Low fluorescence in the unbound (lane 2) and 

subsequent elution samples (lanes 4-6) confirmed capture and elution of biotinylated 

proteins. 
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fluorescence was observed in the unbound sample (lane 2) and in subsequent 

elution samples (lanes 4-6). This indicated successful capture of the majority of 

biotinylated protein during streptavidin affinity chromatography and efficient removal 

of these proteins from the beads during elution. These results confirm the expression 

and proper functioning of BirA* and successful capture of biotinylated proteins.  

5.2.3 Proteomic Analysis of Trem2 Interactome 

Identification of biotinylated proteins captured by BioID was done by MS analysis at 

the Fingerprints Proteomics Facility at the University of Dundee. Samples were sent 

as polyacrylamide gel plugs with proteins visualised by GelCode™ Blue Stain 

Reagent (Coomassie Blue, Figure 5.5) (see section 3.2.3 and Figure 3.7 for full 

workflow). After trypsinisation, peptides were separated by LC and the mass and 

charge (m/z) of each peptide was determined by MS/MS allowing the sequences of 

each peptide to be assigned and mapped to an individual protein. Proteins in the 

original samples were identified by matching the peptide sequences to the Swiss-

Prot protein database for Mus musculus proteins.  

Figure 5.5 Separation of proteins for MS analysis. A representative gel of proteins from 

elution 1 separated by SDS-PAGE. Proteins were run on the gel for 15 minutes and visualised 

with GelCode™ Blue Stain Reagent. Trem2-BirA*-HA lanes were individually excised from 

the gel and sent to the FingerPrints Proteomics Facility at the University of Dundee for MS 

analysis.   
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MS was used to identify biotinylated proteins in the Trem2-BirA*-HA expressing 

cells. As described previously, two stable cell lines were generated: one expressing 

the Trem2-BirA*-HA fusion protein and a control line expressing HA-BirA*. The data 

generated from the control cell line was used to create a list of background proteins 

which was used during data analysis to identify putative interactors of Trem2. For 

Trem2, 5 replicates were analysed and for the BirA* control 4 replicates were 

analysed. The reproducibility of these replicates is assessed in Figure 5.6. For 

Trem2, a total of 1,003 proteins were identified, 181 of which were found in all five 

replicates. 499 proteins overlapped with the control data and 504 were identified 

exclusively in the Trem2 data sets.  

As discussed in section 3.2.3.1, the nature of the BioID protocol means potential 

cytoplasmic interactors of Trem2 may also be biotinylated by the promiscuous 

activity of HA-BirA* in the control. Therefore, SAINTexpress analysis was employed 

to assess the likelihood of interaction with Trem2 by highlighting prey proteins with 

significantly higher levels in the Trem2-BirA*-HA data compared to the HA-BirA* 

control.  

5.2.3.1 SAINTexpress 

Putative interactors of Trem2 were identified by SAINTexpress (Choi et al., 2011) 

(see section 3.2.3.1 for more detail on SAINT analysis). Prey proteins with a BFDR 

less than 0.05 were considered to be putative interactors of Trem2. These proteins 

were then taken for protein of interest identification, GO analysis, and STRING 

annotation.  

70 of the 1003 captured proteins were found to be putative interactors of Trem2 

(Table 5.1). The SAINT score for each of the captured proteins was plotted against 

log2 of the fold change (Figure 5.7). The abundance of each protein in the Trem2 

dataset is represented by the size of the bubble. The peptide data for all identified 

putative interactors of Trem2 can be found in Supplementary table 3.2 in appendix 3. 
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Figure 5.6 Variability of BioID replicates. Number of proteins identified in each replicate from the A) 

BirA* and B) Trem2 BioID data. A) Of the 1,071 proteins identified in the BirA* datasets, 304 were found 

in all 4 replicates. The first dataset (BirA.R1) contained the largest number of proteins, 185 of which were 

unique to this replicate. B) Of the 1,003 proteins identified in the Trem2 datasets, 181 proteins were found 

in all 5 replicates. The third dataset (Trem2.R3) contained the largest number of proteins of all the 

replicates, 135 of which were unique to this replicate. Inset) Overlap of proteins between all BirA* control 

and Trem2 datasets. In total 1,575 proteins were identified, 499 of which appeared in both the control 

and the Trem2 datasets. 572 were unique to the control data and 504 were unique to the Trem2 dataset. 

Blue bar represents the proteins identified in all replicates. 

 



Chapter 5 – Trem2 Protein Interactome 

 

[129] 
 

 

 

 

 

 

 

 

 

# Prey PreyGene Spec SpecSum AvgSpec NumReplicates ctrlCounts SaintScore FoldChange BFDR 

1 Q07113 Igf2r 50|24|44|52|53 223 44.6 5 0|0|0|0 1 446 0 

2 Q99K01 Pdxdc1 36|19|33|53|52 193 38.6 5 0|0|0|0 1 386 0 

3 Q9QYE6 Golga5 35|15|20|34|41 145 29 5 0|0|0|0 1 290 0 

4 P01901 H2-K1 27|14|22|17|11 91 18.2 5 0|0|0|0 1 182 0 

5 P11835 Itgb2 15|9|16|23|17 80 16 5 0|0|0|0 1 160 0 

6 Q9WV55 Vapa 13|4|18|14|19 68 13.6 5 0|0|0|0 1 136 0 

7 O89001 Cpd 6|2|15|21|17 61 12.2 5 0|0|0|0 0.99 122 0 

8 Q8BLU0 Flrt2 6|9|9|18|15 57 11.4 5 0|0|0|0 1 114 0 

9 O08579 Emd 8|4|14|12|12 50 10 5 0|0|0|0 1 100 0 

10 Q9ERB0 Snap29 9|3|7|16|13 48 9.6 5 0|0|0|0 1 96 0 

11 Q99K28 Arfgap2 13|3|8|8|15 47 9.4 5 0|0|0|0 1 94 0 

Table 5.1 Trem2-associated proteins prioritised by SAINTexpress. The identified proteins were detected by MS of BioID samples from 

Trem2-BirA*-HA stable BV2 lines. Proteins which passed the significance threshold <0.05 BFDR after probabilistic scoring of protein-protein 

interaction by SAINTexpress are above the black line. SAINT determines putative interactors from non-specifically bound proteins by calculating 

the fold change between the data and a negative control affinity-purification sample. To be considered a putative interactor, the prey protein 

must appear in the Trem2 dataset at a significantly higher level than in the BirA* control data. Proteins are sorted first by BFDR value (lowest 

to highest) then by fold change (highest to lowest). The bait protein is highlighted in bold. Title annotations: Spec: spectral counts for the bait-

prey pair in each replicate. SpecSum: sum of spectral counts across all replicates. AvgSpec: mean spectral count. crtlCounts: spectral count 

in each negative control replicate. SaintScore: probability of being an interactor. FoldChange: average spectral count in test interaction divided 

by the average in controls. BFDR: Bayesian false discovery rate. 
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12 Q62351 Tfrc 5|8|10|16|8 47 9.4 5 0|0|0|0 1 94 0 

13 Q5SYH2 Tmem199 10|10|5|7|14 46 9.2 5 0|0|0|0 1 92 0 

14 Q9D024 Ccdc47 4|2|11|13|13 43 8.6 5 0|0|0|0 0.99 86 0 

15 Q99NH8 Trem2 7|8|6|9|11 41 8.2 5 0|0|0|0 1 82 0 

16 P09055 Itgb1 8|2|7|17|6 40 8 5 0|0|0|0 0.99 80 0 

17 P70297 Stam 8|2|5|12|12 39 7.8 5 0|0|0|0 0.99 78 0 

18 Q3TZZ7 Esyt2 4|2|10|17|4 37 7.4 5 0|0|0|0 0.99 74 0 

19 Q8K2P7 Slc38a1 13|6|8|5|5 37 7.4 5 0|0|0|0 1 74 0 

20 Q8VBW1 Slc6a8 11|5|7|9|5 37 7.4 5 0|0|0|0 1 74 0 

21 Q8CFE6 Slc38a2 11|3|4|7|10 35 7 5 0|0|0|0 1 70 0 

22 P63024 Vamp3 7|4|9|8|7 35 7 5 0|0|0|0 1 70 0 

23 Q8K1E0 Stx5 8|2|7|8|9 34 6.8 5 0|0|0|0 0.99 68 0 

24 Q9JJZ4 Ube2j1 7|3|4|7|11 32 6.4 5 0|0|0|0 1 64 0 

25 Q9DB43 Zfpl1 6|2|4|7|12 31 6.2 5 0|0|0|0 0.99 62 0 

26 P18572 Bsg 6|3|9|7|4 29 5.8 5 0|0|0|0 1 58 0 

27 Q9CZE3 Rab32 3|3|8|7|8 29 5.8 5 0|0|0|0 1 58 0 

28 P35279 Rab6a 8|3|4|8|6 29 5.8 5 0|0|0|0 1 58 0 

29 Q62313 Tgoln1 5|2|6|8|8 29 5.8 5 0|0|0|0 0.99 58 0 

30 Q64281 Lilrb4 8|2|5|7|5 27 5.4 5 0|0|0|0 0.99 54 0 

31 O88630 Gosr1 6|3|4|3|10 26 5.2 5 0|0|0|0 1 52 0 
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32 Q8R1F1 Niban2 3|4|2|13|4 26 5.2 5 0|0|0|0 0.99 52 0 

33 P70452 Stx4 5|2|5|7|7 26 5.2 5 0|0|0|0 0.99 52 0 

34 Q99LR1 Abhd12 4|2|4|5|10 25 5 5 0|0|0|0 0.99 50 0 

35 Q9Z127 Slc7a5 7|2|2|10|4 25 5 5 0|0|0|0 0.98 50 0 

36 G5E829 Atp2b1 4|2|3|9|5 23 4.6 5 0|0|0|0 0.99 46 0 

37 Q3UQN2 Fcho2 2|2|2|9|6 21 4.2 5 0|0|0|0 0.98 42 0 

38 Q99JY8 Plpp3 6|3|4|2|2 17 3.4 5 0|0|0|0 0.98 34 0 

39 P97797 Sirpa 18|7|17|16|13 71 14.2 5 0|2|0|0 1 28.4 0 

40 Q3U7R1 Esyt1 7|5|8|16|7 43 8.6 5 2|0|0|0 0.98 17.2 0 

41 Q9CQW1 Ykt6 15|16|33|28|20 112 22.4 5 0|4|2|2 1 11.2 0 

42 Q80UU9 Pgrmc2 35|12|10|21|31 109 21.8 5 2|2|2|2 1 10.9 0 

43 P16110 Lgals3 8|9|10|6|6 39 7.8 5 0|0|2|2 0.98 7.8 0 

44 P10852 Slc3a2 48|22|29|39|21 159 31.8 5 8|6|5|4 1 5.53 0 

45 Q61334 Bcap29 2|2|3|2|4 13 2.6 5 0|0|0|0 0.97 26 0.01 

46 P32507 Nectin2 2|3|2|2|4 13 2.6 5 0|0|0|0 0.97 26 0.01 

47 P43252 Ptgir 4|2|2|2|3 13 2.6 5 0|0|0|0 0.97 26 0.01 

48 Q05CL8 Larp7 6|6|9|20|21 62 12.4 5 3|0|0|0 0.96 16.53 0.01 

49 O70480 Vamp4 7|3|12|12|12 46 9.2 5 0|3|0|0 0.91 12.27 0.01 

50 Q76LS9 Mindy1 5|5|5|8|7 30 6 5 0|2|0|0 0.96 12 0.01 

51 P27773 Pdia3 7|3|12|5|2 29 5.8 5 0|0|2|0 0.86 11.6 0.01 
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52 Q9JIF7 Copb1 4|4|4|6|4 22 4.4 5 0|0|2|0 0.9 8.8 0.01 

53 O88811 Stam2 22|9|13|25|23 92 18.4 5 3|4|2|2 0.97 6.69 0.01 

54 Q99JX3 Gorasp2 39|11|26|22|34 132 26.4 5 7|4|2|4 0.87 6.21 0.01 

55 B9EJ86 Osbpl8 2|2|6|9|5 24 4.8 5 0|0|2|0 0.81 9.6 0.02 

56 P62331 Arf6 4|4|4|6|7 25 5 5 3|0|0|0 0.84 6.67 0.02 

57 Q8C2K5 Rasal3 23|22|7|26|18 96 19.2 5 10|0|2|0 0.8 6.4 0.02 

58 P48678 Lmna 14|6|12|14|15 61 12.2 5 4|0|5|0 0.83 5.42 0.02 

59 Q60738 Slc30a1 9|0|11|20|23 63 12.6 5 0|0|0|0 0.8 126 0.03 

60 Q9DCD5 Tjap1 12|5|14|0|27 58 11.6 5 0|0|0|0 0.8 116 0.03 

61 Q8K021 Scamp1 11|0|12|13|9 45 9 5 0|0|0|0 0.8 90 0.03 

62 Q9D0V7 Ebag9 6|0|31|5|26 68 13.6 5 0|0|0|0 0.8 136 0.04 

63 A2A5R2 Arfgef2 16|0|4|13|24 57 11.4 5 0|0|0|0 0.8 114 0.04 

64 Q8BP48 Metap1 5|0|5|15|25 50 10 5 0|0|0|0 0.8 100 0.04 

65 P97390 Vps45 12|5|0|12|9 38 7.6 5 0|0|0|0 0.8 76 0.04 

66 O70252 Hmox2 5|0|3|13|22 43 8.6 5 0|0|0|0 0.8 86 0.05 

67 G3X9K3 Arfgef1 10|3|0|10|11 34 6.8 5 0|0|0|0 0.8 68 0.05 

68 P42082 Cd86 7|0|8|6|3 24 4.8 5 0|0|0|0 0.8 48 0.05 

69 O70492 Snx3 4|5|6|0|4 19 3.8 5 0|0|0|0 0.8 38 0.05 

70 Q9D4H2 Gcc1 5|3|0|4|5 17 3.4 5 0|0|0|0 0.8 34 0.05 

71 Q91VW5 Golga4 15|2|0|23|36 76 15.2 5 0|0|0|0 0.79 152 0.06 
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72 Q61830 Mrc1 8|2|11|13|0 34 6.8 5 0|0|0|0 0.79 68 0.06 

73 Q3UPL0 Sec31a 11|2|5|10|11 39 7.8 5 0|0|4|0 0.79 7.8 0.06 

74 O88983 Stx8 3|0|3|4|6 16 3.2 5 0|0|0|0 0.8 32 0.06 

75 Q9EQP2 Ehd4 4|0|2|7|5 18 3.6 5 0|0|0|0 0.79 36 0.07 

76 O35516 Notch2 4|0|2|4|4 14 2.8 5 0|0|0|0 0.79 28 0.07 

77 Q9Z0P4 Palm 4|0|4|4|2 14 2.8 5 0|0|0|0 0.79 28 0.07 

78 P37040 Por 6|2|5|7|0 20 4 5 0|0|0|0 0.79 40 0.07 

79 Q8VDS8 Stx18 6|0|2|7|10 25 5 5 0|0|0|0 0.79 50 0.07 

80 Q9Z1Z0 Uso1 3|2|0|6|10 21 4.2 5 0|0|0|0 0.79 42 0.07 
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Figure 5.7 Fold change and SAINT score from SAINTexpress. Proteins identified by MS in Trem2 BioID samples. Data are represented by log2 of the fold 

change (difference in protein count from control data) is plotted against the SAINT score (probability of protein being a putative interactor). Each bubble on the 

plot denotes an individual protein. The size of the bubble represents the abundance of each protein in the data, calculated by the mean of the spectral counts. 

Proteins identified as being putative interactors of Trem2 (BFDR < 0.05) are labelled. Purple = putative interactor, grey = non-interactor. 
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5.2.3.2 STRING Annotation 

Known relationships between the identified putative Trem2 interactors were 

investigated using the STRING database (v11.5; https://string-db.org/) (Szklarczyk et 

al., 2021) (Figure 5.8).  

No known interactors of Trem2 were identified in the BioID data, but some protein 

complexes were identified in the data set. A network of proteins involved in Golgi 

complex structure and trafficking (identified in blue in Figure 5.8a) was identified by 

STRING analysis. A network of plasma membrane proteins was also identified 

(purple in Figure 5.8a) although it cannot be determined if these proteins were 

proximal to Trem2-BirA*-HA at the membrane or during trafficking in the secretory 

pathway. Known interactions between cytoplasmic (green), ER (orange), and nuclear 

(pink) were also identified (Figure 5.8a).  

No known physical interactors of TREM2 were captured by BioID, including Dap12, 

the major intracellular interactor of Trem2 (Figure 5.8b). As Dap12 contains 2 lysine 

residues it is capable of being biotinylated, however no biotinylation of Dap12 

occurred in these experiments. This could be explained by limited expression of 

Trem2-BirA*-HA at the plasma membrane, although the identification of plasma 

membrane proteins from the STRING database and GO analysis may suggest some 

expression. It is also possible that Trem2-BirA*-HA was not activated by endogenous 

Trem2 ligands in the BV2 cells, possibly due to the activation state of the cells under 

basal conditions, and therefore Dap12 was not recruited.  

5.2.4 Functional Annotation of Interactors 

For all further analysis, proteins were converted to their human orthologues as there 

is more complete human data and PPIs are relatively well conserved between 

species (Sharan et al., 2005, Qian et al., 2011, Pérez-Bercoff et al., 2013).  

Functional annotation of the human orthologues of the putative Trem2 interactors 

was carried out with the Metascape enrichment analysis (http://metascape.org) 

(Zhou et al., 2019). A total of 286 biological processes were found to be enriched in 

this dataset. Out of the top 10 processes 7 were involved with protein trafficking and 

transport. Of the top 10 pathway analysis clusters the top 4 clusters were 

summarised by plasma membrane and vesicle transport and organisation (Figure 

https://string-db.org/
http://metascape.org/
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5.9 and Table 5.2). The full list of enriched terms can be found in Supplementary table 

3.3 in Appendix 3. 

5.2.5 Proteins of Interest  

The above analysis identified a total of 70 putative interactors of Trem2. STRING 

analysis identified a network of Golgi proteins, mostly involved in protein transport, 

and two of the top 10 enriched functions by the Metascape enrichment analysis were 

Golgi vesicle transport and intra-Golgi and retrograde Golgi-to-ER traffic. A network 

of plasma membrane-associated proteins was also identified by STRING, and three 

of the top 10 Metascape enrichment analysis functions were involved in membrane 

trafficking, docking, and vesicle transport. This suggests that the most abundant 

interactions of the Trem2-BirA*-HA fusion protein were during the trafficking of the 

protein within and to/from the Golgi and ER, as well as trafficking to the plasma 

membrane.  

Of the 70 putative interactors identified above, 7 have previously been associated 

with AD risk in meta-analyses of GWAS data with different levels of supporting data. 

The functions of these proteins are discussed in section 5.3.2. 

5.2.6 Validation of Interaction 

As the BirA* ligase will biotinylate any protein within a 10 nm radius, it is possible 

that the identified putative interactors may not physically interact with Trem2. 

Validation of physical interaction was attempted using IPs. However, lysis in RIPA 

buffer was not sufficient to solubilise Trem2 or Dap12 for detection via western blot 

(Figure 5.10). Extraction of Dap12 was tested in order to assess suitability for co-IP 

with Trem2 to investigate activation states in which Trem2-Dap12 interaction occurs. 

Dap12 was only successfully extracted with a lysis buffer containing 4% SDS, 

conditions too harsh for IP protocols as protein complexes will be disrupted. Trem2 

was not detected in any sample. This is likely to be due to a lack of expression of the 

transfected Trem2-myc protein in the HEK-293T cells. Solubilisation of membrane 

proteins whilst keeping PPIs intact is a challenge as transmembrane proteins are 

often relatively insoluble and therefore require harsh lysis conditions. Protocols 

requiring gentle lysis of cells may not be appropriate to further investigate the 

interaction between Trem2 and the putative interactors described here. 
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Figure 5.8 Protein-protein interaction network of Trem2-associated 

proteins. A) Known interactions between the human orthologues of the 

high-confidence Trem2-associated proteins. Blue: Golgi proteins, purple: 

plasma membrane proteins, green: cytoplasmic proteins, orange: ER 

proteins, pink: nuclear proteins. B)  Previously identified TREM2 

interactions. Blue: intracellular interactors, green: ligands. Obtained from 

the STRING v11.5 database. TREM2 is highlighted in red. Proteins with 

no known interactions within the set are marked in grey.  
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Table 5.2 Summary of functional terms enriched in the list of genes encoding Trem2-associated proteins from Metascape. Top 20 

clusters with one representative enriched term presented. Count: number of genes with membership in identified gene ontology term. Percentage: 

percentage of genes with at least one annotation found in identified gene ontology term. 

GO Description Protein Count Percentage of Interactome 

R-HSA-199991 Membrane trafficking 22 31.43 

GO:0061024 Membrane organization 21 30 

GO:0048193 Golgi vesicle transport 14 20 

hsa04130 SNARE interactions in vesicular 

transport 

7 10 

R-HSA-9013408 RHOG gtpase cycle 8 11.43 

hsa04144 Endocytosis 11 15.71 

GO:0051668 Localization within membrane 13 18.57 

GO:0002697 Regulation of immune effector 

process 

11 15.71 

GO:0051640 Organelle localization 12 17.14 

GO:0044000 Movement in host 7 10 

GO:0032328 Alanine transport 4 5.71 

GO:1905477 Positive regulation of protein 

localization to membrane 

6 8.57 

R-HSA-6798695 Neutrophil degranulation 10 14.29 

GO:0006897 Endocytosis 10 14.29 

GO:0006886 Intracellular protein transport 11 15.71 
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R-HSA-199992 Trans-Golgi Network Vesicle Budding 5 7.14 

GO:0007030 Golgi organization 6 8.57 

GO:1903555 Regulation of tumor necrosis factor 

superfamily cytokine production 

6 8.57 

GO:0010324 Membrane invagination 4 5.71 

R-HSA-9609523 Insertion of tail-anchored proteins into 

the endoplasmic reticulum membrane 

3 4.29 
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Figure 5.9 Summary of biological process annotations for Trem2-associated proteins identified by BioID. 

Enrichment analysis from Metascape was used to identify biological processes enriched for the human 

orthologues of the identified putative interactors of Trem2. All annotations are grouped into functional clusters 

with one representative enriched term presented from the GO, Reactome, and KEGG pathway databases. The 

heatmap is coloured according to p-value and plotted with the -log10(P) score.  
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Figure 5.10 Comparison of protein extraction with different strength lysis buffers. HEK-

293T cells transfected with Trem2-myc (A) or Dap12-FLAG (B) were lysed with either RIPA 

buffer (lane 1), RIPA buffer with 0.1% SDS (lane 2), RIPA buffer with 0.5% SDS (lane 3) or a 

lysis buffer containing 4% SDS (lane 4). Trem2-myc was not detected in any sample. For 

Dap12-FLAG protein was only successfully extracted with the harshest lysis protocol.  
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5.3 Discussion 

The mechanism by which many TREM2 variants contribute to AD risk is unknown. 

Some variants are known to disrupt ligand binding, and some have shown a 

reduction in receptor expression. The identification of intracellular signalling partners 

of TREM2 is a key step in identifying potential mechanisms of risk by first 

understanding the normal TREM2 function. In this chapter, BioID and MS was used 

to identify the repertoire of intracellular proteins that could potentially interact with 

Trem2 in microglia-like cells.  

The NCBI lists 11 protein interactors of human TREM2 (Supplementary table 3.1, 

appendix 3) (Human TREM2 NCBI; interactions sourced from the HPRD and 

BioGRID databases). There are no protein interactors listed for mouse Trem2. The 

majority of these interactions were identified by protein microarray assays with some 

identified by affinity purification with MS. Ligands of Trem2 were mostly identified 

using Trem2-Fc fusion proteins and only one study identified in Supplementary table 

3.1 used cells of the myeloid lineage. The results presented here were obtained from 

a microglial cell line and therefore are more relevant to the identification of 

physiologically relevant interactors, where the majority of Trem2 is expressed in the 

CNS.  

5.3.1 Trem2-BirA*-HA is Located in the Endosomal and Secretory Pathways 

From immunocytochemical staining (Figure 5.3a), Trem2-BirA*-HA appeared to be 

located both intracellularly in perinuclear pools and at the plasma membrane in 

transduced BV2 cells. The MS analysis of biotinylated proteins captured putative 

Trem2 interactors involved in the endosomal and secretory pathways. In total, 70 

putative interactors of Trem2 were identified, including interactions with Golgi 

structural and transport proteins, and vesicle transport proteins. The largest network 

of proteins identified consisted of 14 Golgi proteins with roles including intra-Golgi 

transport, Golgi structure, and transport between the Golgi and the endoplasmic 

reticulum. Endogenous TREM2 is known to be stored at the Golgi complex as well 

as in exocytic vesicles (Sessa et al., 2004). The next largest network identified in the 

MS data was a group of five plasma membrane proteins. This suggests that the 

Trem2-BirA*-HA protein was captured at stages throughout its lifecycle. 

https://www.ncbi.nlm.nih.gov/gene/54209
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5.3.1.1 ER-Golgi Trafficking 

Five proteins known to be involved in protein trafficking from the ER to the Golgi 

complex were identified as putative interactors of Trem2-BirA*-HA. Syntaxin-5 

(Stx5), Golgi synaptosomal-associated protein (SNAP) receptor complex member 1 

(Gosr1), Gors2, and synaptobrevin homolog Ykt6 (Ykt6) are known to form a 

complex medicating vesicle docking to the cis-Golgi membrane during protein 

trafficking from the ER (Linders et al., 2019). The putative interactor zinc finger 

protein-like 1 (Zfpl1) is also an integral cis-Golgi protein, both for Golgi structure and 

protein trafficking (Chiu et al., 2008). Tight junction-associated protein 1 (Tjap1), 

Brefeldin A-inhibited guanine nucleotide-exchange protein 1 (Arfgef1, also known as 

Big1 and plays a role in vesicular trafficking), and GRIP and coiled-coil domain-

containing protein 1 (Gcc1) are also involved in maintenance of Golgi complex 

structure and identified as putative interactors of Trem2-BirA*-HA. Transmembrane 

protein 199 (Tmem199) was also identified as a putative interactor and is known to 

maintain Golgi homeostasis. Additionally, TMEM199 deficiency has been shown to 

result in abnormal glycosylation. Interaction between TMEM199 and TREM2 may 

mediate TREM2 glycosylation, disruption to which may underlie the impaired 

glycosylation of TREM2 AD risk variants (Jansen et al., 2016).  

5.3.1.2 Trans-Golgi Network 

Proteins involved in transport via the TGN were also identified as putative interactors 

of Trem2-BirA*-HA. The protein coatomer subunit β (Copb) associates with Golgi 

non-clathrin-coated vesicles mediating transport through the Golgi and TGN. 

Knockdown of coatomer proteins has been shown to impact the trafficking of Trem2 

to the membrane (Sirkis et al., 2017). It is possible that the interaction between 

Trem2 AD risk variants and coatomer proteins is disrupted, reducing Trem2 

membrane expression. ADP-ribosylation factor GTPase-activating protein 2 

(Arfgap2) is also implicated in coatomer-mediated protein transport and was found to 

be a putative interactor of Trem2-BirA*-HA. The soluble N-ethylmaleimine-sensitive 

factor attachment protein receptors (SNARE) vesicle-associated membrane protein 4 

(Vamp4) was determined to be a putative interactor of Trem2-BirA*-HA and is 

thought to mediate transport from the TGN to endosomes. The TGN-endosomal 

system is involved in the transport of both newly synthesised proteins and receives 

recycled proteins from the endocytic pathway (Steegmaier et al., 1999). Trem2 may 
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therefore interact with Vamp4 at the start of its life cycle or after recycling from the 

plasma membrane.  

5.3.1.3 Golgi-Plasma Membrane Trafficking 

From the Golgi, plasma membrane proteins are trafficked to the cell surface in 

vesicles. Proteins involved in the vesicle transport, insertion, folding, and docking 

were found to be putative interactors of Trem2-BirA*-HA. Brefeldin A-inhibited 

guanine nucleotide-exchange protein 2 (Arfgef2, also known as Big2) regulates the 

formation of vesicles by recruiting coat proteins at the TGN (Shinotsuka et al., 2002). 

Docking of vesicles at the plasma membrane is regulated by SNARE proteins. The t-

SNARE Syntaxin-4 (Stx4) was found to be a putative interactor of Trem2-BirA*-HA 

and is known to play a key role in cell surface vesicle docking (Zhao et al., 2022). 

The SNAREs Snap29 and Vamp3 were also determined to be putative interactors. 

Snap29 has well-characterised roles in protein trafficking and has been found to 

interact with YKT6 to mediate the fusion of lysosomes and autophagosomes (Matsui 

et al., 2018, Mastrodonato et al., 2018). Vamp3 is known to interact with Stx4 to 

facilitate vesicle fusion and docking. 

At the plasma membrane, proteins are inserted via chaperone proteins. CCDC47 

forms part of the PAT (protein associated with the translocon) complex which assists 

with the insertion of plasma membrane proteins (Culver and Mariappan, 2020). 

Potential interaction with Trem2-BirA*-HA suggests that Trem2 may be inserted into 

the plasma membrane via the PAT complex and provides further evidence of 

expected trafficking and localisation of Trem2-BirA*-HA.  

5.3.1.4 Receptor Internalisation 

Down-regulation of cell surface receptors occurs via internalisation of the proteins. 

Ubiquitination of proteins can mark them for degradation and deubiquitination 

pushes proteins along the recycling pathway. Ubiquitin-conjugating enzyme E2 J1 

(Ube2j1) and signal transducing adaptor molecule 1 and 2 (Stam1, Stam2) were 

identified as putative Trem2-BirA*-HA interactors. Ube2j1 catalyses the attachment 

of ubiquitin to proteins and Stam1/2 form part of the endosomal sorting complexes 

required for transport 0 (ESCRT-0) complex which directs ubiquitinated proteins to 

multivesicular bodies. The ESCRT-0 complex clusters ubiquitinated proteins at the 
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plasma membrane in preparation for endocytosis via ubiquitin-binding domains on 

the Stam proteins (Wollert and Hurley, 2010). 

TREM2 is known to be internalised via clathrin-mediated endocytosis (Yin et al., 

2016). Secretory carrier membrane protein 1 (Scam1) is known to play a role in the 

recycling of receptor proteins through recruitment of the clathrin coats to endosomes 

(Fernández-Chacón et al., 2000). F-BAR domain-containing Fer/Cip4 homology 

domain-only protein 1 (Fcho1) also contributes to clathrin recruitment by initiating the 

formation of clathrin-coated pits in early stages of endocytosis (Henne et al., 2010). 

Possible interaction of these proteins with Trem2-BirA*-HA suggests the fusion 

protein was recycled from the plasma membrane in the same pathway as 

endogenous Trem2. ADP-ribosylation factor 6 (Arf6) was also determined to be a 

putative interactor of Trem2-BirA*-HA and regulates both clathrin-dependent 

and -independent endocytic membrane trafficking (D'Souza-Schorey and Chavrier, 

2006).  

5.3.1.5 Endosomal Sorting 

Once endosomes are formed encasing their cargo, endosomal sorting occurs to 

traffic specific proteins to specific intracellular locations. Trem2 is recycled to the 

TGN and stored in intracellular pools before being recycled to the membrane. 

Trem2-containing endosomes interact with the retromer complex, triggering recycling 

to the TGN. Sorting nexin 3 (Snx3) contributes to retromer recruitment to the 

endosomal membrane and was found to be a putative interactor of Trem2-BirA*-HA 

(Seaman, 2012b). Endocytic sorting is also regulated by post-translational 

modification of both cargo and sorting proteins, such as ubiquitination. Trem2-BirA*-

HA was found to potentially interact with the deubiquitinating enzyme Ubiquitin 

carboxyl-terminal hydrolase MINDY-1 (Mindy1). This interaction may shift Trem2 to 

the endocytic recycling pathway, away from lysosomal degradation (Abdul Rehman 

et al., 2016).  
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5.3.2 Trem2-BirA*-HA May Interact with Other Proteins Implicated in AD 

Pathology 

Of the 70 putative interactors of Trem2 identified in section 5.2.3.1, the human 

orthologues of seven have been implicated in AD pathophysiology (Table 5.3). All 

seven proteins are expressed in microglia, though their specific microglial functions 

are not well understood (Carrillo-Jimenez et al., 2019). These genes have been 

identified with analyses such as polygenic risk score analysis and pleiotropic meta-

analysis rather than identified through GWAS, therefore may not themselves be risk 

variants for AD. Association of these genes with known AD risk genes, such as 

TREM2, may point to common pathways which confer AD risk. Here, the cellular 

functions of these proteins are discussed to highlight potential networks.  

The functions of Arfgef2 and Arfgap2 have been described in section 5.3.1. 

ARFGEF2 is reported to be downregulated in AD (Wang et al., 2018). Possible 

mechanisms for AD risk from ARFGAP2 variants are yet to be elucidated.  

At the plasma membrane, BSG (Basigin, also knowns as extracellular matrix 

metalloproteinase inducer (EMMPRIN) or cluster of differentiation 147 (CD147)), 

FLRT2 (Fibronectin leucine-rich repeat transmembrane protein), Niban2 (also known 

as family with sequence similarity 129, member B (FAM129B) or maternally 

expressed gene 3 (MEG3)) and Nectin-2 (also known as CD112) also have AD risk 

associated variants.  

BSG is a transmembrane glycoprotein of the immunoglobulin super-family of 

proteins which is involved in many cellular functions including lymphocyte activation, 

extracellular matrix metalloproteinase induction, and nervous system development. 

The protein is also known to influence Aβ levels by regulation of γ-secretase and 

amyloid clearance and has been suggested as a therapeutic target to modulate Aβ 

(Kanyenda et al., 2011).  

FLRT2 is involved in synaptic plasticity memory in neurons as well as axon guidance 

and cell adhesion (Li et al., 2021). Heterozygous knockout of Flrt2 increased 

synaptic plasticity and spatial memory functions but interestingly only in female mice, 

a finding which may contribute to the increased prevalence of AD in women 

compared to men (Cicvaric et al., 2018). This protein is known to be highly 

expressed in microglia although its influence in this specific cell type has not been 

well studied. 
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Niban2 is a negative regulator of apoptosis. Phosphorylation of Niban2 upregulates 

Akt (PKB) which inhibits Gsk3β allowing for β-catenin translocation to the nucleus 

and increased expression of genes promoting cell proliferation and survival. As 

discussed in section 1.3.3.1, this pathway is downstream of Trem2 activation and 

Dap12 signalling, mediated through Syk and Pi3k activation. If Niban2 is validated as 

a physical interactor of Trem2, this may suggest a more direct regulation of this 

pathway by Trem2, either by activation of Niban2 after ligand binding or by inhibition 

by the inactive form of Trem2.  

Nectin-2 is known to modulate T-cell signalling, proliferation, and cytokine production 

as well as cell adhesion. Expression of nectin-2 AD risk variants may play a role in 

increasing susceptibility to environmental factors linked with AD pathology. A 

network of AD risk variants, including those at the NECTIN2 locus, were linked to 

susceptibility to herpes viruses which induce an AD-like pathology (Qin and Li, 2019, 

Licastro et al., 2011). The association between NECTIN2 risk variants and AD has 

also been suggested to be mediated by disruption of neural vascular functions, 

although nectin-2 expression has so far been characterised in neurons and 

astrocytes rather than in microglia or perivascular macrophages (Mizutani et al., 

2022).  

Variants in the LPS ligase ABHD12 (alpha/beta-hydrolase domain containing 12) 

have also been associated with AD risk (Gouveia et al., 2022). LPS is a known 

ligand of Trem2 and regulates immune cell responses. Endogenous cannabinoids 

derived from arachidonic acids (AA) are also known substrates of ABHD12 and AA 

levels have been found to be increased in the AD brain (Furman et al., 2018, 

Leishman et al., 2019). SNPs which decrease the enzymatic function of ABHD12 

may contribute to these increased AA levels and disruption to the lipidome. TREM2 

has also been linked to regulation of lipid metabolism (Li et al., 2022).   
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Table 5.3 Putative interactors of Trem2-BirA*-HA identified in the EBI GWAS Catalog as associated with AD. The protein name, cellular 

location and function was extracted from the UniProt entry for each protein. The gene and paper identifying the variant was extracted from the 

EBI GWAS Catalog. *For NECTIN2, the variant given is the most significant variant from the 63 variants reported. For a full list of NECTIN2 AD 

risk variants see Supplementary table 3.4 in appendix 3. 

Mapped Gene Protein Location Function Risk Variant Paper and 

Method 

ABHD12 Lysophosphatidylserine lipase 

abhydrolyse domain containing 12 

ER membrane Mediates lysis of LPS 

 

rs746748 

(MAF 0.01837) 

Gouveia et al. 

(2022) – Polygenic 

risk score analysis 

ARFGAP2 ADP-ribosylation factor GTPase-

activating protein 2 

Cytoplasm 

Golgi membrane 

Implicated in coatomer-

mediated protein 

transport between 

Golgi and ER 

 

rs75290815 

(MAF 0.02117) 

Gouveia et al. 

(2022) – Polygenic 

risk score analysis 

ARFGEF2 

(ARGEP2, BIG2) 

Brefeldin A-inhibited guanine 

nucleotide-exchange protein 2 

Cytoplasm 

Vesicles 

Endosome 

Cytoskeleton 

Promotes guanine-

nucleotide exchange 

on ARF1/3 

 

Trafficking from trans-

Golgi network to 

endosomes and 

rs140589268 

(MAF 0.02256) 

Kulminski et al. 

(2022) – 

Pleiotropic meta-

analysis 
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membrane 

translocation 

BSG Basigin (extracellular matrix 

metalloproteinase inducer 

(EMMPRIN), cluster of differentiation 

147 (CD147)) 

Membrane 

Endosome 

Golgi membrane 

ER 

Transmembrane cell 

surface glycoprotein 

 

Stimulator of IL6 

secretion 

 

Angiogenesis 

 

Targeting of 

monocarboxylate 

receptors to membrane 

rs201850688 

(MAF 

0.000399) 

Sims et al. (2017)  

– Exome 

genotyping array 

FLRT2 Fibronectin leucine-rich repeat 

transmembrane protein 

Membrane 

ER membrane 

Cell-cell adhesion 

 

Cell migration 

 

Mediates axon growth 

rs12434216 

(MAF 0.2538) 

Gouveia et al. 

(2022) – Polygenic 

risk score analysis 

NECTIN2 

(HVEB, PRR2, 

PVRL2) 

Nectin-2 Membrane Modulates T-cell 

signalling via CD226 

binding 

 

rs146275714* 

(MAF 

0.005192) 

Schwartzentruber 

et al. (2021) – 

Genome-wide 

genotyping array 
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T-cell proliferation and 

cytokine production 

NIBAN2 

(C9orf88, 

FAM129B) 

Protein Niban 2 Cytoplasm Suppression of 

apoptosis 

rs2247361 

(MAF 0.4816) 

Gouveia et al. 

(2022) – Polygenic 

risk score analysis 
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5.3.3 Limitations 

A limitation of the experiments described above is that the interactome of Trem2-

BirA*-HA does not contain Trem2 signalling partners. Dap12, the major intracellular 

signalling partner of Trem2, was not captured, indicating that any Trem2-BirA*-HA 

expressed at the plasma membrane was not activated. To determine this 

interactome, the BioID experiments described here could be performed in the 

presence of Trem2-activating antibodies. This would elucidate interacting proteins 

immediately downstream of Trem2 signalling, providing further insight into the 

microglial function of Trem2. Proximity-labelling experiments performed under 

conditions of microglial stimulation, for example by ionomycin, may also provide 

insights into the mechanisms of Trem2 trafficking from the intracellular vesicle pools 

to the plasma membrane. Repetition of these experiments with Trem2 AD risk 

variants and comparison to the wild type interactome may highlight disrupted 

interactions possibly contributing to AD risk. 

Further validation of the localisation of Trem2-BirA*-HA could also be performed to 

increase the confidence in the correct functioning of the exogenous protein. Antibody 

internalisation assays could be performed to capture the life cycle of Trem2-BirA*-HA 

and confirm internalisation and recycling of the protein.  

Finally, further analysis of the potential AD risk networks highlighted is needed to 

establish if these pathways are indeed associated with AD pathology. Gene-set 

analysis tools such as MAGMA (Multi-marker Analysis of GenoMic Annotation) could 

determine if these networks show a statistically significant association with AD 

compared to a random control network (de Leeuw et al., 2015). The networks 

described above only suggest possible pathways which may be associated with AD 

risk based on potential interactions between the known AD risk protein TREM2 and 

other proteins implicated in AD pathophysiology. Robust statistical analysis is 

required to confidently associate these networks with AD genetic risk.  

5.3.4 Conclusions 

Overall, the results presented here define a possible protein interactome of Trem2 in 

unstimulated BV2 cells. The life cycle of Trem2-BirA*-HA through the secretory and 

endocytic pathways was captured. Trem2-BirA*-HA appeared to interact with known 
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ER and Golgi proteins involved in both organelle structure and vesicle trafficking. 

The fusion protein also appeared to exist within the TGN and be trafficked to the 

plasma membrane. Potential interaction with ubiquitinating enzymes and proteins 

involved in clathrin vesicle formation suggests Trem2-BirA*-HA was internalised by 

clathrin-mediated endocytosis. Deubiquitinating enzymes and proteins involved in 

the retromer complex were also putative interactors, suggesting that at endosomal 

sorting Trem2-containing vesicles are recycled to the Golgi. 

Interactions with other proteins implicated in AD pathophysiology may elucidate 

common pathways affected by disease, however more robust gene-set analysis is 

required to fully identify AD risk networks. Further validation of the Trem2-BirA*-HA 

cell line, particularly concerning the activation state of BV2s, as well as verification of 

physical interaction with identified putative interactors is required.  
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Chapter 6 – General Discussion 

Coding variants of both ABI3 and TREM2 have been identified as risk factors for AD 

(Sims et al., 2017). ABI3 is a cytoplasmic protein which is part of the WRC, affecting 

microglial motility and morphology (Moraes et al., 2017). The exact function of ABI3 

is not fully understood but is proposed to inhibit activity of the WRC resulting in a 

reduction of Arp2/3 activity and actin branching (Sekino et al., 2015, Ichigotani et al., 

2002, Latini et al., 2011, Hirao et al., 2006). This may promote the formation of 

parallel actin structures and microglial ramifications. Knockout of Abi3 has been 

shown to impact microglial morphology and reduce phagocytotic activity (Simonazzi 

et al., 2021). In AD, ABI3-expressing microglia cluster around Aβ plaques, 

suggesting that this population of microglia may be recruited to plaques as part of 

the complex cellular responses involved in neurodegeneration (Satoh et al., 2017). 

The variant ABI3-S209F (mouse equivalent Abi3-S212F) is associated with a higher 

risk of AD compared to the wild type, though the mechanism of this risk and 

molecular link to AD pathology are unknown (Sims et al., 2017). 

TREM2 is a transmembrane receptor which influences many cellular functions 

including inflammation, cell proliferation and survival, and phagocytosis. Nearly 50 

variants have been associated with AD (Carmona et al., 2018). Activating ligands of 

TREM2 are well-documented, but few intracellular binding partners are known. 

TREM2 intracellular signalling occurs via interaction with DAP12, influencing 

signalling pathways including MAPK, NF-κB, and PI3K/Akt.  

The experiments described in this thesis were designed to elucidate the protein 

interactomes of Abi3, Abi3-S212F, and Trem2 in BV2 cells. No full protein 

interactome of these proteins have previously been described in a physiologically 

relevant cell model. The use of a mouse microglia-like cell line aimed to determine 

PPIs in a cell system which endogenously expresses binding partners of the bait 

proteins in BV2 microglia-like cell line.  

To achieve this, three major aims were pursued: 

1) To determine the protein interactome of Abi3 in microglia-like cells (Chapter 3) 

2) To determine the protein interactome of the AD risk variant Abi3-S212F in 

microglia-like cells (Chapter 4) 
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3) To determine the intracellular protein interactome of Trem2 in microglia-like 

cells (Chapter 5) 

Investigation of PPIs is important to understand the physiological role and molecular 

mechanisms of proteins. Discovery of protein interactors has elucidated potential 

therapeutic targets in disease and identified networks of risk genes highlighting 

mechanisms of pathology and disease risk (Goehler et al., 2004, Liu et al., 2018, 

Chojnowski et al., 2015).  

6.1 Abi3 and Abi3-S212F Interactomes Give Insights into Mechanisms in 

Physiology and Disease 

The first protein interactome of Abi3 in microglia-like cells was identified in chapter 3 

by BioID. Abi3 was found to interact with proteins of the WRC (Wafs2 and Cyfip1), 

confirming a previously identified role of Abi3 in forming part of this complex. The 

identification of known Abi3 interactors highlights the efficacy of BioID for detecting 

interacting proteins. As noted in section 3.3.1.1, although Brick1 and Hem family 

proteins also form the WRC, neither were identified as putative interactors of Abi3. 

RNA sequencing showed that while Brick1 was not expressed, transcripts encoding 

Hem-like proteins were found in BV2 cells (Carrillo-Jimenez et al., 2019). Whether 

the subunits of the WRC in BV2 cells are identical to the ‘canonical’ microglial WRC 

remains to be determined (Drew et al., 2020, Preprint).  

Abi3 was also found to interact with other cytoskeletal regulatory proteins, including 

Cep170, a centrosomal protein, and Mtss1 which regulates the actin cytoskeleton 

independently of the WRC. These data suggest novel roles for Abi3 beyond the 

WRC, including in inflammatory pathways, possibly through NF-κB signalling via 

interaction with Ccdc22 or TLR signalling through interaction with Pi3kap1 in the Pi3k 

signalling pathway. Interaction with Ccdc22 may also suggest a possible role in the 

regulation of endocytic recycling via the CCC complex and alternative mechanisms 

of actin regulation. Possible interactions with Gigyf2 and Cyfip1 may implicate Abi3 

in translation repression and interactions with Ripk3 may implicate Abi3 in cell death 

pathways influencing neuroinflammation.  

As BioID labels proximal proteins in live cell culture, weak and transient interactions 

can be detected which may have assisted in the discovery of these novel interactors. 

However, as physical interaction cannot be confirmed with this method, alternative 
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techniques to validate these interactions are required. These data however do form a 

foundation to further explore these specific interactions and illuminate the molecular 

function by which Abi3 genetic variation increases AD risk in microglia-like cells. 

In order to investigate potential mechanisms of AD risk conferred by Abi3-S212F, the 

protein interactome of the variant was determined by the same method as Abi3 in 

microglia-like cells. Of the 9 proteins identified as putative interactors of Abi3, 7 were 

also putative interactors of Abi3-S212F demonstrating the reproducibility of BioID. 

Interestingly, 14 additional proteins were found to be putative interactors of Abi3-

S212F, and 2 interactions were lost. This suggests that the amino acid substitution 

may influence the ability of Abi3 to bind to specific proteins. The presence of a 

phenylalanine at position 212 may cause a confirmational change in Abi3, revealing 

or hiding interaction surfaces in the protein structure. Alternatively, the substitution 

may unmask post-translational modifications which regulate PPIs. These differences 

in interactions may explain the increase in AD risk associated with Abi3-S212F by 

altering cellular responses to external stimuli.  

There is limited published research into the functional effects of Abi3-S212F (or the 

human equivalent S209F), and the results presented here are the first protein 

interactome of both Abi3 and Abi3-S212F in physiologically relevant cells. The role of 

ABI3 in microglia has been investigated through ABI3 knockout, which may provide 

insights into the normal physiological role of the protein but is unlikely to elucidate 

mechanisms of disease risk (Karahan et al., 2021, Ibanez et al., 2022).The 

interactomes presented here build on these data by confirming recognised functions 

of Abi3 via interaction with WRC proteins and provide insights into other possible 

roles. Comparison of the wild type interactome with that of Abi3-S212F presents 

possible mechanisms of disease risk through a variety of cellular pathways. Most 

studies of Abi3-S212F/ABI3-S209F have confirmed the association between the 

variant and increased risk for AD but have not elucidated mechanisms (Olive et al., 

2020, Sims et al., 2017, Dalmasso et al., 2019).  
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6.2 Trem2 Interactome Highlights the Importance of the Secretory 

Pathway and Receptor Recycling 

The intracellular protein interactome of Trem2 was investigated in chapter 5. The 

Trem2-BirA*-HA protein was found to primarily reside within the secretory and 

endocytic pathways. Many of the putative interactors were involved in protein 

trafficking, Golgi structure, and vesicle transport. The interactome described likely 

represents the life cycle of Trem2 in BV2 cells under basal conditions and is the first 

intracellular protein interactome described in a physiologically relevant cell line.  

Some Trem2 variants are known to be subject to aberrant processing in the 

ER/Golgi complex resulting in alteration of the glycosylation of Trem2 affecting the 

trafficking of the protein to the plasma membrane (Hall-Roberts et al., 2020). 

Comparison of the interactome of wild type Trem2 and that of AD risk variants may 

elucidate possible mechanisms of risk, potentially by altering interactions of Trem2 

with the secretory or endosomal pathways.  

Using the proximity labelling technique Turbo ID, TREM2 was found to interact with 

mitochondria-ER contact sites and expression of TREM2-R47H altered the inter-

organelle distance iPSC microglia (Kwak et al., 2023). Overall, 47 novel intracellular 

interactors were identified in this study, five of which were determined to be putative 

interactors of Trem2-BirA*-HA here (Hmox2, Emd, Pgrmc2, Gors1, Stam) and 21 

were identified by mass spectrometry but not deemed to be putative interactors by 

SAINTexpress. The difference in these results is likely due to differences between 

BioID and TurboID, particularly as TurboID has been shown to be more effective in 

organelles such as the ER (May et al., 2020). This highlights the need for multiple 

techniques to identify PPIs to determine the full interactome of a protein.  

 

6.3 Abi3 may Influence the Life Cycle of Trem2 via the Endocytic 

Pathway 

Abi3 is known to regulate actin dynamics through inclusion in the WRC. The 

interactome described in chapter 3 of this thesis included the protein Ccdc22 which 

is known to form part of the CCC complex. This complex regulates endosomes 

through association with the cargo recognition complex retriever (Singla et al., 2019). 

The interactome of Trem2 did not identify putative interactions with proteins known to 
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associate with retriever, but retromer-interacting proteins were identified along with 

other endosomal proteins. If interaction between Abi3 and Ccdc22 can be validated 

and shown to functionally affect the role of the CCC complex in endosomal 

regulation, it is possible the functioning of Abi3 may impact Trem2 receptor recycling.  

This putative interaction was lost with Abi3-S212F, meaning any potential role of 

Abi3 in endosomal recycling may be disrupted with this variant. AD risk may be 

increased if Trem2-containing endosomes are no longer properly trafficked, reducing 

Trem2 recycling. Risk could be further increased if a Trem2 variant affecting protein 

trafficking is also expressed, causing either further disruption of the endosomal 

pathway, or reducing Trem2 trafficking to the plasma membrane. Comparison of the 

wild type Trem2 interactome described in chapter 5 with that of a Trem2 AD risk 

variant may elucidate further mechanisms of risk within the secretory or endosomal 

pathways. The AD risk variant TREM2-R47H has increased terminal glycosylation 

which has been suggested to resist proteasomal degradation (Park et al., 2016). 

This variant has also been shown to disrupt the interaction between Trem2 and 

Vps35 (Yin et al., 2016). Disruption to protein trafficking is an identified potential 

mechanism of AD risk conferred by Trem2 variants, an effect which may be 

compounded by the expression of Abi3-S212F. 

Comparison of the Abi3 and Trem2 interactomes also highlights the success of 

BioID. The efficacy of BioID has been demonstrated by the identification of known 

protein interactors of Abi3. Additionally, the lack of overlap in the protein 

interactomes of Abi3 and Trem2 highlights the specificity of BioID in capturing 

proteins proximal to the bait protein. The exogenous proteins were successfully 

localised to the cellular compartments in which the endogenous protein is known to 

reside. Secretory pathway proteins were not identified as putative interactors of Abi3 

or Abi3-S212F as SAINTexpress did not determine these proteins to have spectral 

counts significantly higher than the control. For Trem2, however, these proteins were 

identified as putative interactors, indicating closer proximity of these proteins to 

Trem2-BirA*-HA. This agrees with the findings of Go et al. (2021) who concluded 

that even with bait proteins localised to the same cellular compartment, interactions 

specific to a particular bait protein could be identified. The BioID technique is 

therefore suitable to determine interactomes of specific bait proteins. 
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The results presented in this thesis show that the identification of PPIs with BioID is 

scalable and could therefore be used to construct a complete map of AD-risk gene in 

microglia or other relevant cell types.  

 

6.4 Future Directions 

The work presented in this thesis defined the first protein interactomes of Abi3 and 

Trem2 in a physiologically relevant microglial line and the first protein interactome of 

the AD risk variant Abi3-S212F. However, validation of physical interaction between 

the putative interactors and the bait proteins could not be demonstrated due to 

technical difficulties in solubilising the bait and prey proteins and time constraints. To 

strengthen the conclusions made from the data presented here, pairwise co-IPs in 

HEK-293T cells expressing both the bait protein and a putative interactor could be 

used to verify physical interaction. This was attempted in chapters 3 and 5 (sections 

3.2.6 and 5.2.6) but conditions for optimal protein extraction that were gentle enough 

to retain protein complexes could not be achieved. Further investigation and 

optimisation of the protocol could not be completed due to time constraints. Other 

techniques to confirm physical interaction, such as Y2H screens of binary 

interactions or label transfer protein interaction analysis could also be performed. 

As discussed in section 3.3.2, an innate limitation of BioID is the requirement of an 

exogenous bait protein. An interactome determined using endogenous Abi3 and 

Trem2 is likely to be more physiologically relevant but does require high-quality 

antibodies against the bait proteins as well as optimisation of protein extraction 

conditions. Membrane proteins in particular are difficult to solubilise with gentle lysis, 

therefore an IP with Trem2 as the bait protein may prove particularly difficult. Weak 

and transient interactions are also likely to be disrupted during lysis whereas they 

can be captured using BioID. Therefore, comparison of interactors determined by 

proximity labelling techniques and pull-down of endogenous bait proteins may 

provide the most accurate protein interactome.  

In chapter 5 of this thesis, the cellular localisation of Trem2-BirA*-HA was discussed 

(section 5.3.1). It was unclear whether the exogenous protein was retained 

intracellularly alongside endogenous Trem2 or if plasma membrane trafficking was 

disrupted. Trem2 is known to be stored in Golgi-associated pools and endosomes 
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(Prada et al., 2006) and immunocytochemical staining combined with the identified 

protein interactomes presented in chapter 5 suggested that Trem2-BirA*-HA may 

have been localised to these compartments in a similar way to endogenous Trem2. 

However, additional analysis such as co-labelling with Golgi markers or more 

effective visualisation of plasma membrane expressed proteins, is required to fully 

confirm the cellular location of Trem2-BirA*-HA. Also, as suggested in section 5.3.1, 

stimulation of microglia by ionomycin increases plasma membrane trafficking of 

Trem2 (Hoffmann et al., 2003, Prada et al., 2006). Comparison of the location of the 

HA epitope between stimulated and unstimulated Trem2-BirA*-HA expressing BV2s 

may confirm if the endogenous protein is able to be trafficked to the plasma 

membrane. It is possible that the addition of BirA* to the C-terminus of Trem2 

hindered the recognition of trafficking signals. The use of a BirA* control protein 

tagged to a protein known to traffic through the secretory pathway to the plasma 

membrane may also elucidate the location of Trem2-BirA*-HA. As discussed in 

section 5.3.3, only proteins on the cytoplasmic face of secretory pathways 

membranes are likely to be biotinylated by HA-BirA*. By localising the control protein 

to the secretory pathway, a list of background proteins more accurately reflecting the 

specific cellular compartment can be generated.  

Additionally, Dap12, the main intracellular interactor of Trem2, was not identified as a 

putative interactor of Trem2-BirA*-HA. This lack of identification of Dap12 may be 

explained by a lack of exogenous Trem2 expression at the plasma membrane, 

although some plasma membrane localisation of the HA epitope was possibly 

identified (Figure 5.3 in section 5.2.1). It is possible that some plasma membrane 

expression of Trem2-BirA*-HA occurred in the BV2 cells, but Trem2 was not 

activated. Trem2-Dap12 interaction occurs after Trem2 ligand binding and so BioID 

experiments conducted on these stable BV2 cells in the presence of a Trem2-

activating antibody may identify a protein interactome involved in Trem2 signalling. It 

is also possible that the addition of BirA* to the short cytoplasmic tail of Trem2 

prevented Dap12 interaction. Co-IP experiments in HEK-293T cells transfected with 

Trem2-BirA*-HA and Dap12 were attempted to assess if direct interaction was 

possible, however protein extraction was not successful, as described in section 

5.2.6.  
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Comparison of Trem2 interactomes in unstimulated verses stimulated BV2 cells 

could identify a range of different proteins that interact with Trem2 throughout its life 

cycle. These same experiments could then be performed on BV2 cells expressing 

Trem2 AD risk variants and compared to wild type interactomes to highlight possible 

mechanisms of AD risk.  

As discussed above, the capture of prey proteins from an endogenous bait protein 

would provide a more physiologically relevant protein interactome. To improve this 

further, an even more physiologically relevant system could be used. The suitability 

of BV2 cells as a model of microglia was discussed in section 1.2.3 and were 

deemed to be an appropriate cell line to determine protein interactions as they 

express the relevant macrophage markers and are negative for other glial cell type 

markers. BV2 cells are also widely used in research into neurodegeneration. They 

are freely available and are relatively simple to culture and maintain in large 

numbers. (Timmerman et al., 2018, Gao et al., 2013, Griciuc et al., 2013, Henn et al., 

2009). However, there are inherent limitations with immortalised cells. In the case of 

BV2 cells, immortalisation was achieved by retroviral transduction of an oncogene, 

causing increased proliferation and adhesion of immortalised microglia compared to 

primary cells. The morphology of immortalised and primary microglia also differs 

(Stansley et al., 2012, Horvath et al., 2008). The results presented here must 

therefore be interpreted with this in mind as BV2 cells do not accurately reflect the 

exact state of microglia in vivo. Future work should aim to investigate Abi3 and 

Trem2 interactomes, as well as interactomes of other AD risk variants, in cell types 

more reflective of in vivo states, such as primary or iPSC-derived microglia. The 

gene editing technique CRIPSR (clustered regularly interspaced short palindromic 

repeats) could also be used to endogenously tag genes of interest with BirA* through 

genome editing. This would allow for endogenous expression of the BirA*-tagged 

bait protein. 

 

6.5 Final Conclusions 

The most important findings from the experiments described and results presented in 

chapters 3 to 5 have been discussed in this final chapter. Protein interactomes of 

Abi3, Abi3-S212F, and Trem2 from a microglia-like cell line have been generated. 

For Abi3, interactions with the WRC have been confirmed alongside potential novel 
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interactions which suggest possible roles for Abi3 in microglia not previously 

identified, including inflammatory signalling and microtubule organisation. 

Comparison of this interactome with that of the AD risk variant Abi3-S212F has 

highlighted possible mechanisms to induce or influence AD pathology. Increased 

association of Abi3-S212F with the WRC may suggest a reduced ability of these 

microglia to migrate and regulate their morphology and function. Loss and gain of 

interactions highlight cellular pathways which may be disrupted by the p.S212F 

substitution, contributing to AD risk. These data highlight specific proteins and 

pathways which may provide therapeutic avenues to combat AD pathology. 

The protein interactome of Trem2 presented here may reflect the trafficking state of 

Trem2 in unstimulated BV2 cells. The identification of secretory pathway proteins 

suggests that Trem2-BirA*-HA may be retained in intracellular pools in unstimulated 

BV2 cells. Comparison of the interactomes from stimulated verses unstimulated BV2 

cells and active verses inactive Trem2 will further elucidate the protein interactors of 

Trem2 throughout its life cycle as well as increase confidence that the expression of 

the exogenous protein is comparable to endogenous Trem2.  

Together, these results confirm the suitability of BioID to capture protein 

interactomes in physiologically relevant cells. Although independent validation of the 

physical interactions between proteins in each interactome is still required, the 

potential functional consequences of these interactions provide unique insights into 

the roles of Abi3 and Trem2 in microglia as well as cellular mechanisms of AD risk 

mediated by Abi3-S212F. Overall, these data present the first protein interactomes of 

Abi3, Abi3-S212F, and Trem2 in microglia-like cells, contributing to our 

understanding of the cellular processes involved in AD pathology. 
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Appendix 1 

HA-BirA* Sequence: 

TACCCATACGATGTTCCAGATTACGCTGGATCCAAGGACAACACCGTGCCCCTGAAGCTGATCGCCCTGCTGGCCAACGGCG

AGTTCCACTCTGGCGAGCAGCTGGGAGAGACCCTGGGAATGAGCAGAGCCGCCATCAACAAGCACATCCAGACACTGAGAGA

CTGGGGAGTGGACGTGTTCACCGTGCCTGGCAAGGGCTACAGCCTGCCTGAGCCTATCCAGCTGCTGAACGCCAAGCAGATC

CTGGGACAGCTGGATGGCGGAAGCGTGGCCGTGCTGCCTGTGATCGACTCCACCAATCAGTACCTGCTGGACAGAATCGGA

GAGCTGAAGTCCGGCGACGCCTGCATCGCCGAGTACCAGCAGGCTGGCAGAGGAGGCAGAGGACGGAAGTGGTTCAGCCC

ATTCGGAGCCAACCTGTACCTGTCCATGTTCTGGAGACTGGAGCAGGGACCTGCTGCTGCCATCGGACTGAGTCTGGTGATC

GGAATCGTGATGGCCGAGGTGCTGAGAAAGCTGGGAGCCGACAAGGTGAGAGTGAAGTGGCCTAATGACCTGTACCTCCAG

GACCGCAAGCTGGCTGGCATCCTGGTGGAGCTGACAGGCAAGACAGGCGATGCCGCTCAGATCGTGATCGGAGCCGGAATC

AACATGGCCATGAGAAGAGTGGAGGAGAGCGTGGTGAACCAGGGCTGGATCACCCTGCAGGAGGCTGGCATCAACCTGGAC

CGGAACACCCTGGCCGCCATGCTGATCAGAGAGCTGAGAGCCGCTCTGGAGCTGTTCGAGCAGGAGGGACTGGCTCCTTAC

CTGAGCAGATGGGAGAAGCTGGACAACTTCATCAACAGACCTGTGAAGCTGATCATCGGCGACAAGGAAATCTTCGGCATCTC

CAGAGGAATCGACAAGCAGGGAGCTCTGCTGCTGGAGCAGGACGGAATCATCAAGCCCTGGATGGGCGGAGAAATCTCCCT

GAGAAGCGCAGAGAAG 

HA-BirA*-Abi3 Sequence: 

TACCCATACGATGTTCCAGATTACGCTGGATCCAAGGACAACACCGTGCCCCTGAAGCTGATCGCCCTGCTGGCCAACGGCG

AGTTCCACTCTGGCGAGCAGCTGGGAGAGACCCTGGGAATGAGCAGAGCCGCCATCAACAAGCACATCCAGACACTGAGAGA

CTGGGGAGTGGACGTGTTCACCGTGCCTGGCAAGGGCTACAGCCTGCCTGAGCCTATCCAGCTGCTGAACGCCAAGCAGATC

CTGGGACAGCTGGATGGCGGAAGCGTGGCCGTGCTGCCTGTGATCGACTCCACCAATCAGTACCTGCTGGACAGAATCGGA

GAGCTGAAGTCCGGCGACGCCTGCATCGCCGAGTACCAGCAGGCTGGCAGAGGAGGCAGAGGACGGAAGTGGTTCAGCCC
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ATTCGGAGCCAACCTGTACCTGTCCATGTTCTGGAGACTGGAGCAGGGACCTGCTGCTGCCATCGGACTGAGTCTGGTGATC

GGAATCGTGATGGCCGAGGTGCTGAGAAAGCTGGGAGCCGACAAGGTGAGAGTGAAGTGGCCTAATGACCTGTACCTCCAG

GACCGCAAGCTGGCTGGCATCCTGGTGGAGCTGACAGGCAAGACAGGCGATGCCGCTCAGATCGTGATCGGAGCCGGAATC

AACATGGCCATGAGAAGAGTGGAGGAGAGCGTGGTGAACCAGGGCTGGATCACCCTGCAGGAGGCTGGCATCAACCTGGAC

CGGAACACCCTGGCCGCCATGCTGATCAGAGAGCTGAGAGCCGCTCTGGAGCTGTTCGAGCAGGAGGGACTGGCTCCTTAC

CTGAGCAGATGGGAGAAGCTGGACAACTTCATCAACAGACCTGTGAAGCTGATCATCGGCGACAAGGAAATCTTCGGCATCTC

CAGAGGAATCGACAAGCAGGGAGCTCTGCTGCTGGAGCAGGACGGAATCATCAAGCCCTGGATGGGCGGAGAAATCTCCCT

GAGAAGCGCAGAGAAGGGTGCTGGCGCCGGAGCAGGGGCGGGTGCCATGGCGGAGCTGCAGCAGTTACAGCAGCTGCAGG

AGTTTGATATCCCCACGGGCCGGGAGGCTCTGCGGGGCAACCACAGCGCCCTGCTACGGGTGGCCAACTACTGCGAGGATA

ACTACTTGCAGGCCACAGACAAGCGGAAGGCGCTGGAAGAGACGATGGCTTTCACCACCCAGGCCCTAGCCAGTGTGGCCTA

CCAAGTGGGTAACCTGGCCGGGCATACTCTTCGAATGCTGGATCTACAGGGTGCTGCCCTGCGGCAGGTAGAAGCCAAGATG

AGCACACTGGGCCAGATGGTAAACATGCATATGGAGAAGGTAGCTAGAAGGGAGATCGGCACTTTGGCCACTGTTGTGCGGC

TGCCCTCTAACCAGAAAGTCATCCCTCCTGAGAGCCTGCCTTCCCTCACTCCCTACCACAGAAAACCCCTCAACTTTGCCTGCT

TGGATGACATTGGCCACGGAGTCAAGGACTTGAGCACGCAGCTGTCACGGACCGGGACCCTGTCTCGCAAGAGCATAAAGGC

GCCTGCTACACCTGTTTCCGCCACGCTGGGGAGACCACCCCGGATCCCTGAGCCGGTGCAGCTCCCAGCCGTGCCAGACGG

CAAGCTCTCCGCTGCCTCCTCTGCCTCTTCCTTGGCCTCGGCAGGCAGTGCGGAAGGTGCCAGTGGGATCCCCCAGTCCAAG

GGACAGGTAGCGCCTGCAACCCCGCCTCCTCCACCTGTAGCACCTGTAACCCCGCCTCCTCCACCGTTGTCTGCCGAGGTCT

TCTTGCCGCCCCCTCCGCTGGAGGTGTCCCAGCCCCCTCTGGAAGCAGAGTTGCCCCTGCCTCCTCCCCCAGCTCTAGAGGG

GGATGAACTGGGGCTGCTGCCTCCGCCCCCACCAGGTTTTGGACCAGATGAGCCCAGCTGGGTCCCTGCTAGCTACTTGGAG

AAAGTGGTGACCCTGTACCCATACACCCGGCAAAAGGACAATGAGCTCTCCTTCTCTGAAGGCACCGTCATCTGTGTCACTCG

CCGCTACTCGGATGGCTGGTGTGAGGGTGTCAGTTCAGAGGGCACTGGATTCTTCCCAGGGAACTATGTGGAGCCCAGCTGC

TGA 
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Supplementary table 1.1 Known ABI3 interactors. Known interactions of human ABI3 downloaded from the National Center for Biotechnology 

Information (NCBI) database. Interactors are supported by experimental evidence including two-hybrid and affinity capture methods. Descriptions 

have been extracted from the corresponding NCBI entry for each protein. Human equivalent orthologues of mouse protein interactors identified 

by mass spectrometry of BioID samples which are considered to be high-confidence interactors after SAINTexpress analysis are highlighted in 

red. Sources of the interaction data: Biological General Repository for Interaction Databases (BioGRID), Human Protein Reference Database 

(HPRD). 

Interactor Description Source Experimental 

Evidence 

Cell/Tissue 

Type 

Publication 

ABI2  Regulator of actin cytoskeleton dynamics underlying cell motility 

and adhesion. Functions as a component of the WAVE complex, 

which activates actin nucleating machinery Arp2/3 to drive 

lamellipodia formation. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

ABI3  This gene encodes a member of an adaptor protein family. 

Members of this family encode proteins containing a homeobox 

homology domain, proline rich region and Src-homology 3 (SH3) 

domain and are components of the Abi/WAVE complex which 

regulates actin polymerization. The encoded protein inhibits 

ectopic metastasis of tumour cells as well as cell migration.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

Rolland et al. 

(2014) 

ABI3BP Binds to ABI3, function unknown. HPRD, 

BioGRID 

Two-hybrid Yeast, human 

placenta cDNA 

Matsuda et 

al. (2001) 

ACTN3  This gene encodes a member of the alpha-actin binding protein 

gene family. The encoded protein is primarily expressed in 

BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/10152
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/51225
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/89
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skeletal muscle and functions as a structural component of 

sarcomeric Z line. This protein is involved in crosslinking actin 

containing thin filaments.  

AGTR1  Angiotensin II is a potent vasopressor hormone and a primary 

regulator of aldosterone secretion. It is an important effector 

controlling blood pressure and volume in the cardiovascular 

system. It acts through at least two types of receptors. This gene 

encodes the type 1 receptor which is thought to mediate the 

major cardiovascular effects of angiotensin II. This gene may play 

a role in the generation of reperfusion arrhythmias following 

restoration of blood flow to ischemic or infarcted myocardium.  

BioGRID Two-hybrid Yeast Sokolina et 

al. (2017) 

ARHGAP9

  

This gene encodes a member of the Rho-GAP family of GTPase 

activating proteins. The protein has substantial GAP activity 

towards several Rho-family GTPases in vitro, converting them to 

an inactive GDP-bound state. It is implicated in regulating 

adhesion of hematopoietic cells to the extracellular matrix.  

BioGRID Two-hybrid Yeast  

Luck et al. 

(2020) 

Luck et al. 

(2020) 

ARMC7  Protein coding gene, unknown function BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

BAIAP2L2

  

The protein encoded by this gene binds phosphoinositides and 

promotes the formation of planar or curved membrane structures. 

The encoded protein is found in RAB13-positive vesicles and at 

intercellular contacts with the plasma membrane. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/185
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/64333
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/64333
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/79637
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/80115
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/80115
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BFSP2  More than 99% of the vertebrate ocular lens is comprised of 

terminally differentiated lens fibre cells. Two lens-specific 

intermediate filament-like proteins, the protein product of this 

gene (phakinin), and filensin, are expressed only after fibre cell 

differentiation has begun. Both proteins are found in a structurally 

unique cytoskeletal element that is referred to as the beaded 

filament (BF).  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

BIL1  Saccharomyces cerevisiae protein BioGRID Two-hybrid Yeast Zhong et al. 

(2016) 

BLOC1S5  This gene encodes a component of BLOC-1 (biogenesis of 

lysosome-related organelles complex 1). Components of this 

complex are involved in the biogenesis of organelles such as 

melanosomes and platelet-dense granules. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

CENPQ  CENPQ is a subunit of a CENPH (MIM 605607)-CENPI (MIM 

300065)-associated centromeric complex that targets CENPA 

(MIM 117139) to centromeres and is required for proper 

kinetochore function and mitotic progression. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

CEP170P1

  

This locus appears to be a transcribed pseudogene similar to 

centrosomal protein 170kDa (CEP170).  

BioGRID Two-hybrid Yeast Rual et al. 

(2005) 

CEP44 Centriole-enriched microtubule-binding protein involved in 

centriole biogenesis. In collaboration with CEP295 and POC1B, 

is required for the centriole-to-centrosome conversion by 

ensuring the formation of bona fide centriole wall. Functions as a 

HPRD, 

BioGRID 

Two-hybrid Yeast Luck et al. 

(2020) 

Rolland et al. 

(2014) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/8419
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/854481
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/63915
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/55166
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/645455
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/645455
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linker component that maintains centrosome cohesion. 

Associates with CROCC and regulates its stability and 

localization to the centrosome. 

Rual et al. 

(2005) 

CTBP2  This gene produces alternative transcripts encoding two distinct 

proteins. One protein is a transcriptional repressor, while the 

other isoform is a major component of specialized synapses 

known as synaptic ribbons. Both proteins contain a NAD+ binding 

domain similar to NAD+-dependent 2-hydroxyacid 

dehydrogenases. 

BioGRID Affinity capture-

MS 

Human 

primary 

osteoblasts 

Zhang et al. 

(2018) 

CYFIP2  Involved in T-cell adhesion and p53/TP53-dependent induction of 

apoptosis. Does not bind RNA. As component of the WAVE1 

complex, required for BDNF-NTRK2 endocytic trafficking and 

signalling from early endosomes. 

HPRD Affinity capture-

Western; 

Reconstituted 

complex 

Human 

umbilical vein 

endothelial 

cells 

Hirao et al. 

(2006) 

DESI1  Protease which deconjugates SUMO1, SUMO2 and SUMO3 from 

some substrate proteins. Has isopeptidase but not SUMO-

processing activity. Desumoylates ZBTB46. Collaborates with 

UBQLN4 in the export of ubiquitinated proteins from the nucleus 

to the cytoplasm. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

DTNB  This gene encodes dystrobrevin beta, a component of the 

dystrophin-associated protein complex (DPC). The DPC consists 

of dystrophin and several integral and peripheral membrane 

proteins, including dystroglycans, sarcoglycans, syntrophins and 

dystrobrevin alpha and beta. The DPC localizes to the 

BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/1488
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/26999
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/27351
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/1838
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sarcolemma and its disruption is associated with various forms of 

muscular dystrophy. Dystrobrevin beta is thought to interact with 

syntrophin and the DP71 short form of dystrophin. 

DTNBP1  This gene encodes a protein that may play a role in organelle 

biogenesis associated with melanosomes, platelet dense 

granules, and lysosomes. A similar protein in mouse is a 

component of a protein complex termed biogenesis of lysosome-

related organelles complex 1 (BLOC-1), and binds to alpha- and 

beta-dystrobrevins, which are components of the dystrophin-

associated protein complex (DPC).  

HPRD, 

BioGRID 

Two-hybrid Yeast Rual et al. 

(2005) 

EIF3H  Component of the eukaryotic translation initiation factor 3 (eIF-3) 

complex, which is required for several steps in the initiation of 

protein synthesis. The eIF-3 complex specifically targets and 

initiates translation of a subset of mRNAs involved in cell 

proliferation, including cell cycling, differentiation and apoptosis, 

and uses different modes of RNA stem-loop binding to exert 

either translational activation or repression. 

HPRD, 

BioGRID 

Two-hybrid Yeast Luck et al. 

(2020) 

Rolland et al. 

(2014) 

(Rual et al., 

2005) 

Venkatesan 

et al. (2008) 

EIF3M  This gene encodes a protein that is part of the eukaryotic 

translation initiation factor 3 complete (eIF-3) required for protein 

synthesis. Elevated levels of the encoded protein are present in 

cancer cell lines. Inactivation of the encoded protein has been 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/84062
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/8667
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/10480
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shown to interfere with translation of herpes virus mRNAs by 

preventing the association of mRNAs with the ribosomes.  

EMILIN1  This gene encodes an extracellular matrix glycoprotein that is 

characterized by an N-terminal microfibril interface domain, a 

coiled-coiled alpha-helical domain, a collagenous domain and a 

C-terminal globular C1q domain. The encoded protein associates 

with elastic fibres at the interface between elastin and microfibrils 

and may play a role in the development of elastic tissues 

including large blood vessels, dermis, heart, and lung. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

ENAH  This gene encodes a member of the enabled/ vasodilator-

stimulated phosphoprotein. Members of this gene family are 

involved in actin-based motility. This protein is involved in 

regulating the assembly of actin filaments and modulates cell 

adhesion and motility.  

HPRD, 

BioGRID 

Affinity 

Capture-

Western; 

Reconstituted 

Complex 

Human 

umbilical vein 

endothelial 

cells 

Hirao et al. 

(2006) 

ENG  This gene encodes a homodimeric transmembrane protein which 

is a major glycoprotein of the vascular endothelium. This protein 

is a component of the transforming growth factor beta receptor 

complex and binds to the beta1 and beta3 peptides with high 

affinity.  

BioGRID Affinity 

Capture-MS 

Human 

umbilical vein 

endothelial 

cells; Chinese 

hamster ovary 

cells 

Gallardo-

Vara et al. 

(2019) 

EVL  Ena/VASP proteins are actin-associated proteins involved in a 

range of processes dependent on cytoskeleton remodelling and 

cell polarity such as axon guidance and lamellipodial and 

BioGRID Two-hybrid; 

Affinity capture-

Western 

Yeast; HEK 

293T 

Chen et al. 

(2018) 

Luck et al. 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/11117
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/55740
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/2022
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/51466
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filopodial dynamics in migrating cells. EVL enhances actin 

nucleation and polymerization. 

(2020) 

Rolland et al. 

(2014) 

FAM124B  Part of CHD7/CHD8 complex which organises chromatin. BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

FARSA  Aminoacyl-tRNA synthetases are a class of enzymes that charge 

tRNAs with their cognate amino acids. This gene encodes a 

product which is similar to the catalytic subunit of prokaryotic and 

Saccharomyces cerevisiae phenylalanyl-tRNA synthetases 

(PheRS).  

BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

FBF1  Keratin-binding protein required for epithelial cell polarization. 

Involved in apical junction complex (AJC) assembly via its 

interaction with PARD3. Required for ciliogenesis. 

BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

GNG13  Heterotrimeric G proteins, which consist of alpha, beta, and 

gamma subunits, function as signal transducers for the 7-

transmembrane-helix G protein-coupled receptors. GNG13 is a 

gamma subunit that is expressed in taste, retinal, and neuronal 

tissues and plays a key role in taste transduction. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

GOLM1  The Golgi complex plays a key role in the sorting and 

modification of proteins exported from the endoplasmic reticulum. 

The protein encoded by this gene is a type II Golgi 

transmembrane protein. It processes proteins synthesized in the 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/79843
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/2193
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/85302
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/51764
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/51280
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rough endoplasmic reticulum and assists in the transport of 

protein cargo through the Golgi apparatus. 

GRB2  The protein encoded by this gene binds the epidermal growth 

factor receptor and contains one SH2 domain and two SH3 

domains. Its two SH3 domains direct complex formation with 

proline-rich regions of other proteins, and its SH2 domain binds 

tyrosine phosphorylated sequences.  

BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

HOMER1  This gene encodes a member of the homer family of dendritic 

proteins. Members of this family regulate group 1 metabotropic 

glutamate receptor function.  

HPRD, 

BioGRID 

Two-hybrid Yeast Luck et al. 

(2020) 

Rual et al. 

(2005) 

HOMER2  This gene encodes a member of the homer family of dendritic 

proteins. Members of this family regulate group 1 metabotropic 

glutamate receptor function. The encoded protein is a 

postsynaptic density scaffolding protein.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

HOMER3  This gene encodes a member of the HOMER family of 

postsynaptic density scaffolding proteins that share a similar 

domain structure consisting of an N-terminal Enabled/vasodilator-

stimulated phosphoprotein homology 1 domain which mediates 

protein-protein interactions, and a carboxy-terminal coiled-coil 

domain and two leucine zipper motifs that are involved in self-

oligomerization. The encoded protein binds numerous other 

proteins including group I metabotropic glutamate receptors, 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

Venkatesan 

et al. (2008) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/2885
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/9456
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/9455
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/9454


Appendices 

 

[208] 
 

inositol 1,4,5-trisphosphate receptors and amyloid precursor 

proteins and has been implicated in diverse biological functions 

such as neuronal signalling, T-cell activation and trafficking of 

amyloid beta peptides.  

IFT20  This gene encodes an intraflagellar transport protein important for 

intracellular transport. The encoded protein forms part of a 

complex involved in trafficking of proteins from the Golgi body, 

including recycling of immune signalling components.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

IHO1  Required for DNA double-strand breaks (DSBs) formation in 

unsynapsed regions during meiotic recombination. Probably acts 

by forming a complex with MEI4 and REC114, which activates 

DSBs formation in unsynapsed regions, an essential step to 

ensure completion of synapsis.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

KANK2  This gene encodes a member of the KN motif and ankyrin repeat 

domains (KANK) family of proteins, which play a role in 

cytoskeletal formation by regulating actin polymerization. The 

encoded protein functions in the sequestration of steroid receptor 

coactivators and possibly other proteins.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

Rolland et al. 

(2014) 

KIAA0408  Uncharacterised protein, function unknown. HPRD, 

BioGRID 

Two-hybrid Yeast Luck et al. 

(2020) 

Rual et al. 

(2005) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/90410
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/339834
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/25959
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/9729
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KIFC3  This gene encodes a member of the kinesin-14 family of 

microtubule motors. Members of this family play a role in the 

formation, maintenance and remodelling of the bipolar mitotic 

spindle. The protein encoded by this gene has cytoplasmic 

functions in the interphase cells. It may also be involved in the 

final stages of cytokinesis.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

KLC3  This gene encodes a member of the kinesin light chain gene 

family. Kinesins are molecular motors involved in the transport of 

cargo along microtubules and are composed of two kinesin heavy 

chain (KHC) and two kinesin light chain (KLC) molecules. KLCs 

are thought to typically be involved in binding cargo and 

regulating kinesin activity.  

BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

KLC4  Kinesin is a microtubule-associated force-producing protein that 

may play a role in organelle transport. The light chain may 

function in coupling of cargo to the heavy chain or in the 

modulation of its ATPase activity. 

BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

KRT13  The protein encoded by this gene is a member of the keratin 

gene family. The keratins are intermediate filament proteins 

responsible for the structural integrity of epithelial cells and are 

subdivided into cytokeratins and hair keratins. Most of the type I 

cytokeratins consist of acidic proteins which are arranged in pairs 

of heterotypic keratin chains. This type I cytokeratin is paired with 

BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/3801
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/147700
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/89953
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/3860
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keratin 4 and expressed in the suprabasal layers of non-cornified 

stratified epithelia. 

KRT14  This gene encodes a member of the keratin family, the most 

diverse group of intermediate filaments. This gene product, a type 

I keratin, is usually found as a heterotetramer with two keratin 5 

molecules, a type II keratin. Together they form the cytoskeleton 

of epithelial cells.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

KRT15  The protein encoded by this gene is a member of the keratin 

gene family. The keratins are intermediate filament proteins 

responsible for the structural integrity of epithelial cells and are 

subdivided into cytokeratins and hair keratins.  

HPR, 

BioGRID 

Two-hybrid Yeast Rual et al. 

(2005) 

KRT24  This gene encodes a member of the type I (acidic) keratin family, 

which belongs to the superfamily of intermediate filament (IF) 

proteins. Keratins are heteropolymeric structural proteins which 

form the intermediate filament. These filaments, along with actin 

microfilaments and microtubules, compose the cytoskeleton of 

epithelial cells. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

KRT28  This gene encodes a member of the type I (acidic) keratin family, 

which belongs to the superfamily of intermediate filament (IF) 

proteins. Keratins are heteropolymeric structural proteins which 

form the intermediate filament. These filaments, along with actin 

microfilaments and microtubules, compose the cytoskeleton of 

epithelial cells. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/3861
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/3866
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/192666
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/162605
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KRT31  The protein encoded by this gene is a member of the keratin 

gene family. As a type I hair keratin, it is an acidic protein which 

heterodimerizes with type II keratins to form hair and nails. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

KRT35  The protein encoded by this gene is a member of the keratin 

gene family. This type I hair keratin is an acidic protein which 

heterodimerizes with type II keratins to form hair and nails.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

KRT36  The protein encoded by this gene is a member of the keratin 

gene family. This type I hair keratin is an acidic protein which 

heterodimerizes with type II keratins to form hair and nails.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

KRT38  The protein encoded by this gene is a member of the keratin 

gene family. As a type I hair keratin, it is an acidic protein which 

heterodimerizes with type II keratins to form hair and nails. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

MAGEA12

  

This gene is closely related to several other genes clustered on 

chromosome X. These genes may be overexpressed in tumours. 

BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

MED29  MED29 is a subunit of the Mediator complex, a multiprotein 

coactivator of RNA transcription that interacts with DNA-bound 

transcriptional activators, RNA polymerase II (see MIM 180660), 

and general initiation factors. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

MIS18A  Required for recruitment of CENPA to centromeres and normal 

chromosome segregation during mitosis. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

MRFAP1  This gene encodes an intracellular protein that interacts with 

members of the MORF4/MRG (mortality factor on chromosome 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/3881
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/3886
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/8689
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/8687
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/4111
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/4111
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/55588
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/54069
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/93621
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4/MORF4 related gene) family and the tumour suppressor Rb 

(retinoblastoma protein.) The protein may play a role in 

senescence, cell growth and immortalization.  

MRFAP1L

1  

Protein coding gene, function unknown. BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

NCK2  This gene encodes a member of the NCK family of adaptor 

proteins. The protein contains three SH3 domains and one SH2 

domain. The protein has no known catalytic function but has been 

shown to bind and recruit various proteins involved in the 

regulation of receptor protein tyrosine kinases. It is through these 

regulatory activities that this protein is believed to be involved in 

cytoskeletal reorganization.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

Rolland et al. 

(2014) 

NDEL1  This gene encodes a coiled-coil protein that plays a role in 

multiple processes including cytoskeletal organization, cell 

signalling and neuron migration, outgrowth, and maintenance.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

NHSL2  Involved in cell differentiation, exact function unknown. BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

NUP58  This gene encodes a member of the nucleoporin family that 

shares 87% sequence identity with rat nucleoporin p58. The 

protein is localized to the nuclear rim and is a component of the 

nuclear pore complex (NPC). All molecules entering or leaving 

BioGRID Two-hybrid Yeast  

Luck et al. 

(2020) 

Rolland et al. 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/114932
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/114932
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/8440
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/81565
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/340527
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/9818
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the nucleus either diffuse through or are actively transported by 

the NPC.  

(2014) Yu et 

al. (2011) 

OIP5  The protein encoded by this gene localizes to centromeres, 

where it is essential for recruitment of CENP-A through the 

mediator Holliday junction recognition protein.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

PAK1  This gene encodes a family member of serine/threonine p21-

activating kinases, known as PAK proteins. These proteins are 

critical effectors that link Rho GTPases to cytoskeleton 

reorganization and nuclear signalling, and they serve as targets 

for the small GTP binding proteins Cdc42 and Rac. This specific 

family member regulates cell motility and morphology. 

HPRD, 

BioGRID 

Reconstituted 

complex 

Mouse 

fibroblasts 

Ichigotani et 

al. (2002) 

PAK2  The p21 activated kinases (PAK) are critical effectors that link 

Rho GTPases to cytoskeleton reorganization and nuclear 

signalling. The PAK proteins are a family of serine/threonine 

kinases that serve as targets for the small GTP binding proteins, 

CDC42 and RAC1, and have been implicated in a wide range of 

biological activities. The protein encoded by this gene is activated 

by proteolytic cleavage during caspase-mediated apoptosis and 

may play a role in regulating the apoptotic events in the dying 

cell. 

HPRD, 

BioGRID 

Reconstituted 

complex 

Mouse 

fibroblasts 

Ichigotani et 

al. (2002) 

PRP39  Saccharomyces cerevisiae protein BioGRID Two-hybrid Yeast Zhong et al. 

(2016) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/11339
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/5058
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/5062
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/854960
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PSMA1  The proteasome is a multicatalytic proteinase complex with a 

highly ordered ring-shaped 20S core structure. Proteasomes are 

distributed throughout eukaryotic cells at a high concentration 

and cleave peptides in an ATP/ubiquitin-dependent process in a 

non-lysosomal pathway. An essential function of a modified 

proteasome, the immunoproteasome, is the processing of class I 

MHC peptides. This gene encodes a member of the peptidase 

T1A family, which is a 20S core alpha subunit.  

BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

RUFY3  This gene encodes a RPIP8, UNC-14, and NESCA domain-

containing protein that is required for maintenance of neuronal 

polarity. In addition, it has been implicated in mediation of gastric 

cancer cell migration and invasion via interaction with P21-

activated kinase-1, which promotes its expression. The encoded 

protein localizes to F-actin-enriched invadopodia to induce 

formation of protrusions, thereby facilitating cell migration.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

RUNX1T1  This gene encodes a member of the myeloid translocation gene 

family which interact with DNA-bound transcription factors and 

recruit a range of corepressors to facilitate transcriptional 

repression.  

HPRD, 

BioGRID 

Two-hybrid Yeast Luck et al. 

(2020) 

Rolland et al. 

(2014) 

Rual et al. 

(2005) 

SH3BP1  This gene encodes a member of the Rho GTPase activating 

protein (RhoGAP) family. The encoded protein regulates Rac 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/5682
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/22902
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/862
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/23616
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signalling and plays a role in cytoskeletal dynamics, cell motility 

and epithelial junction formation. This protein's association with 

the exocyst complex, which tethers secretory vesicles to the 

plasma membrane, has been demonstrated to be important in 

cell motility. In a distinct complex, this protein has been shown to 

regulate epithelial junction formation and morphogenesis. By 

interacting with the Plexin-D1 cell surface receptor, this protein 

mediates changes in the cytoskeleton in response to semaphorin 

binding. This protein may promote metastasis in human liver 

cancer cells and tissues. 

SMARCD1

  

The protein encoded by this gene is a member of the SWI/SNF 

family of proteins, whose members display helicase and ATPase 

activities, and which are thought to regulate transcription of 

certain genes by altering the chromatin structure around those 

genes. The encoded protein is part of the large ATP-dependent 

chromatin remodelling complex SNF/SWI and has sequence 

similarity to the yeast Swp73 protein.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

SNAP23  Specificity of vesicular transport is regulated, in part, by the 

interaction of a vesicle-associated membrane protein termed 

synaptobrevin/VAMP with a target compartment membrane 

protein termed syntaxin. These proteins, together with SNAP25 

(synaptosome-associated protein of 25 kDa), form a complex 

which serves as a binding site for the general membrane fusion 

HPRD, 

BioGRID 

Two-hybrid Yeast Rual et al. 

(2005) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/6602
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/6602
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/8773
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machinery. Synaptobrevin/VAMP and syntaxin are believed to be 

involved in vesicular transport in most, if not all cells, while 

SNAP25 is present almost exclusively in the brain, suggesting 

that a ubiquitously expressed homolog of SNAP25 exists to 

facilitate transport vesicle/target membrane fusion in other 

tissues. The protein encoded by this gene is structurally and 

functionally similar to SNAP25 and binds tightly to multiple 

syntaxins and synaptobrevins/VAMPs. It is an essential 

component of the high affinity receptor for the general membrane 

fusion machinery and is an important regulator of transport 

vesicle docking and fusion. 

SOS1  This gene encodes a protein that is a guanine nucleotide 

exchange factor for RAS proteins, membrane proteins that bind 

guanine nucleotides and participate in signal transduction 

pathways. GTP binding activates and GTP hydrolysis inactivates 

RAS proteins. The product of this gene may regulate RAS 

proteins by facilitating the exchange of GTP for GDP.  

HPRD Two-hybrid Yeast Ichigotani et 

al. (2002) 

STX1A  This gene encodes a member of the syntaxin superfamily. 

Syntaxins are nervous system-specific proteins implicated in the 

docking of synaptic vesicles with the presynaptic plasma 

membrane. Syntaxins bind synaptotagmin in a calcium-

dependent fashion and interact with voltage dependent calcium 

and potassium channels via the C-terminal H3 domain. This gene 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/6654
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/6804
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product is a key molecule in ion channel regulation and synaptic 

exocytosis. 

STX2  The product of this gene belongs to the syntaxin/epimorphin 

family of proteins. The syntaxins are a large protein family 

implicated in the targeting and fusion of intracellular transport 

vesicles. The product of this gene regulates epithelial-

mesenchymal interactions and epithelial cell morphogenesis and 

activation.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

SUFU  The Hedgehog signalling pathway plays an important role in early 

human development. The pathway is a signalling cascade that 

plays a role in pattern formation and cellular proliferation during 

development. This gene encodes a negative regulator of the 

hedgehog signalling pathway.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

TAE1  Saccharomyces cerevisiae protein BioGRID Two-hybrid Yeast Zhong et al. 

(2016) 

TMEM147  Component of a ribosome-associated endoplasmic reticulum 

(ER) translocon complex involved in multi-pass membrane 

protein transport into the ER membrane and biogenesis.  

HPRD, 

BioGRID 

Two-hybrid Yeast Rual et al. 

(2005) 

TRAF4  This gene encodes a member of the TNF receptor associated 

factor (TRAF) family. TRAF proteins are associated with, and 

mediate signal transduction from members of the TNF receptor 

superfamily. The encoded protein has been shown to interact 

with neurotrophin receptor, p75 (NTR/NTSR1), and negatively 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/2054
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/51684
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/852564
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/10430
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/9618


Appendices 

 

[218] 
 

regulate NTR induced cell death and NF-kappa B activation. This 

protein has been found to bind to p47phox, a cytosolic regulatory 

factor included in a multi-protein complex known as NAD(P)H 

oxidase. This protein thus, is thought to be involved in the 

oxidative activation of MAPK8/JNK.  

TXN2  This nuclear gene encodes a mitochondrial member of the 

thioredoxin family, a group of small multifunctional redox-active 

proteins. The encoded protein may play important roles in the 

regulation of the mitochondrial membrane potential and in 

protection against oxidant-induced apoptosis. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

VARS2  This gene encodes a mitochondrial aminoacyl-tRNA synthetase, 

which catalyses the attachment of valine to tRNA(Val) for 

mitochondrial translation.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

VASP  Vasodilator-stimulated phosphoprotein (VASP) is a member of 

the Ena-VASP protein family. VASP is associated with 

filamentous actin formation and likely plays a widespread role in 

cell adhesion and motility. VASP may also be involved in the 

intracellular signalling pathways that regulate integrin-

extracellular matrix interactions. VASP is regulated by the cyclic 

nucleotide-dependent kinases PKA and PKG. 

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

Rolland et al. 

(2014) 

WAS  The Wiskott-Aldrich syndrome (WAS) family of proteins share 

similar domain structure and are involved in transduction of 

signals from receptors on the cell surface to the actin 

BioGRID Two-hybrid Yeast Rolland et al. 

(2014) 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/25828
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/57176
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/7408
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/7454
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cytoskeleton. Recent studies have demonstrated that these 

proteins, directly or indirectly, associate with the small GTPase, 

Cdc42, known to regulate formation of actin filaments, and the 

cytoskeletal organizing complex, Arp2/3. The WAS gene product 

is a cytoplasmic protein, expressed exclusively in hematopoietic 

cells. 

Yu et al. 

(2011) 

WASF1  The protein encoded by this gene, a member of the Wiskott-

Aldrich syndrome protein (WASP)-family, plays a critical role 

downstream of Rac, a Rho-family small GTPase, in regulating the 

actin cytoskeleton required for membrane ruffling. It has been 

shown to associate with an actin nucleation core Arp2/3 complex 

while enhancing actin polymerization in vitro.  

BioGRID Two-hybrid Yeast Luck et al. 

(2020) 

WASF2  This gene encodes a member of the Wiskott-Aldrich syndrome 

protein family. The gene product is a protein that forms a 

multiprotein complex that links receptor kinases and actin. 

Binding to actin occurs through a C-terminal verprolin homology 

domain in all family members. The multiprotein complex serves to 

transduce signals that involve changes in cell shape, motility, or 

function. 

HPRD, 

BioGRID 

Affinity 

Capture-

Western; 

Reconstituted 

Complex 

Human 

umbilical vein 

endothelial 

cells 

Hirao et al. 

(2006) 

 

 

 

 

https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/8936
https://www-ncbi-nlm-nih-gov.abc.cardiff.ac.uk/gene/10163
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Supplementary table 1.2 Known Abi3 interactors. Known interactions of mouse Abi3 downloaded from the National Center for Biotechnology 

Information (NCBI) database. Interactors are supported by experimental evidence including co-fractionation and affinity capture methods. 

Descriptions have been extracted from the corresponding NCBI entry for each protein. Interactors identified by mass spectrometry of BioID 

samples which are considered to be high-confidence interactors after SAINTexpress analysis are highlighted in red. Sources of the interaction 

data: Biological General Repository for Interaction Databases (BioGRID), Human Protein Reference Database (HPRD).  

Interactor Description Source Experimental 

Evidence 

Cell/Tissue 

Type 

Publication 

Actn3  This gene encodes a member of the alpha-actin binding protein 

gene family. The encoded protein is primarily expressed in 

skeletal muscle and functions as a structural component of 

sarcomeric Z line. This protein is involved in crosslinking actin 

containing thin filaments. 

BioGRID Co-

fractionation 

Adult CD1 

mouse whole 

brain lysate 

Pourhaghighi 

et al. (2020) 

Eif3h  Component of the eukaryotic translation initiation factor 3 (eIF-3) 

complex, which is required for several steps in the initiation of 

protein synthesis. The eIF-3 complex stimulates mRNA 

recruitment to the 43S PIC and scanning of the mRNA for AUG 

recognition, is required for disassembly and recycling of post-

termination ribosomal complexes and subsequently prevents 

premature joining of the 40S and 60S ribosomal subunits prior to 

initiation, specifically targets and initiates translation of a subset 

of mRNAs involved in cell proliferation, including cell cycling, 

differentiation and apoptosis, and uses different modes of RNA 

BioGRID Co-

fractionation 

Adult CD1 

mouse whole 

brain lysate 

Pourhaghighi 

et al. (2020) 
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stem-loop binding to exert either translational activation or 

repression. 

Hdac4  Responsible for the deacetylation of lysine residues on the N-

terminal part of the core histones (H2A, H2B, H3 and H4). 

Histone deacetylation gives a tag for epigenetic repression and 

plays an important role in transcriptional regulation, cell cycle 

progression and developmental events. Histone deacetylases act 

via the formation of large multiprotein complexes. Involved in 

muscle maturation via its interaction with the myocyte enhancer 

factors such as MEF2A, MEF2C and MEF2D. Deacetylates 

HSPA1A and HSPA1A at 'Lys-77' leading to their preferential 

binding to co-chaperone STUB1. 

BioGRID Affinity 

Capture-MS 

HttQ20 mouse 

striatum 

lysates (at 10 

months but not 

2 months of 

age) 

Federspiel et 

al. (2019) 

Kank2  Involved in transcription regulation by sequestering in the 

cytoplasm nuclear receptor coactivators such as NCOA1, 

NCOA2 and NCOA3. Involved in regulation of caspase-

independent apoptosis by sequestering the proapoptotic factor 

AIFM1 in mitochondria. Pro-apoptotic stimuli can induce its 

proteasomal degradation allowing the translocation of AIFM1 to 

the nucleus to induce apoptosis. Involved in the negative control 

of vitamin D receptor signalling pathway. Involved in actin stress 

fibres formation through its interaction with ARHGDIA and the 

regulation of the Rho signalling pathway. May thereby play a role 

in cell adhesion and migration, regulating for instance podocytes 

BioGRID Co-

fractionation 

Adult CD1 

mouse whole 

brain lysate 

Pourhaghighi 

et al. (2020) 
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migration during development of the kidney. Through the Rho 

signalling pathway may also regulate cell proliferation. 
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Supplementary table 1.3 Mass spectrometry data for Abi3-associated proteins. Peptide sequences of high-confidence interactors of Abi3 

as determined by SAINTexpress. Peptide sequences identified by mass spectrometry are presented with each interactor with peptide count and 

percentage coverage values generated from each biological replicate. 

Protein Peptide Sequences MS Data 

Cep170 AESEVPIVK 

ALHPAAAGVAAAASTEFENAESEADFSIHFNR 

ALLHSGSSSSK 

AQSTEKHQEQAATSSTHHR 

ASPGTQDLPGIQTGMMAPENK 

ASVASEVSTTSSTSKPPTGR 

ATLEEHLR 

ATLEEHLRR 

CREESSKQESQLLEK 

CSTSSPSKDVTK 

DKDRNWDDIENK 

DLGSLNGTFVNDVR 

DNSISPESDVDTASTISLVTGETER 

DTEAVMAFLEAK 

DWALNSAAVVMEER 

DWTAHREEIAR 

EAQVYQSEK 

MQQQEQKEQAQWTPTKFPSK 

MQSTGSAMPASSSFK 

NALGHIDK 

NALGHIDKCR 

NQATSASSEKDNDDDQSDKGTYTIELENPNSEEVEAR 

NWDDIENK 

NWDDIENKLR 

PQPAEHPDHLTITR 

QDTELQEK 

QDTELQEKEAQVYQSEKHDADR 

QESQLLEK 

QGSFTIDKPSSNIPIELIPHINK 

QGSFTIDKPSSNIPIELIPHINKQNSSVPTALALTSASR 

QHAVINYDASMDEHLVK 

QKSEEPSVSLPFLQTALLR 

QLQVINAMIDPDGTLEALNNMGFPNAILPSPPK 

QNSSVPTALALTSASR 

Abi3 R1 

Coverage: 

72% 

Peptide 

Count: 101 

 

Abi3 R2 

Coverage: 

63% 

Peptide 

Count: 90 

 

Abi3 R3 

Coverage: 

58% 

Peptide 

Count: 76 
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EAQVYQSEKHDADR 

EDNNKTDEGPDTPSYNR 

EESSKQESQLLEK 

EEVGDLHGEMHK 

EFQQPSQIAESTIHEIPTK 

EINDVAGEIDSVTSSGTAPSTTVSTAATTPGSAIDTR 

EKSETEKETSLVK 

EPSYFEIPTK 

EPSYFEIPTKEFQQPSQIAESTIHEIPTK 

EQAQWTPTKFPSK 

ERSDSLDTDSSMDTTLILK 

FGYDTNLFTVVR 

FNPDGEEEDVTVHE 

FPTDYASTSEDEFGSNR 

FTIQLQLSQK 

FVQSSGR 

GEMRVPEEALK 

GGHGVPHGK 

GLIKDWALNSAAVVMEER 

GTDSKVEAAAEVQPR 

GTPLYGQPSWWGDAEEDEQR 

QSIDKTAGK 

RATLEEHLR 

RFPTDYASTSEDEFGSNR 

RTLPQLPNEEK 

SDSEATISR 

SDSLDTDSSMDTTLILK 

SDVPVYLK 

SDVPVYLKR 

SEEPSVSLPFLQTALLR 

SEIGEKQDTELQEK 

SEIGEKQDTELQEKEAQVYQSEK 

SETEKETSLVK 

SFTSLYKDR 

SIKSDVPVYLKR 

SKTSPVASGSTSK 

SMSSTHGSPSVNSR 

SQEAGASGCSTEAK 

SSESELPK 

SSGSLGHRPSQEMDVMLK 

SSPVNNHSSPSQTPALCPPETR 

STSCTTSLASQGER 

 

Abi3 R4 

Coverage: 

63% 

Peptide 

Count: 82 

 

Abi3 R5 

Coverage: 

52% 

Peptide 

Count: 66 
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HQEQAATSSTHHR 

HVEGQSAAASEEALFPFCR 

IDLLAQPR 

IKEQEDYIR 

IKEQEDYIRDWTAHR 

ILFKDKDR 

IPEQTYITLK 

IRQPSIDLTDDDQTSSVPHSAISDIMSSDQETYSCK 

ISQDLALIAR 

KAEEIPK 

KASPGTQDLPGIQTGMMAPENK 

KFVQSSGR 

KIPPLVHSK 

KPLSTPGFHNSEEAISSSGSK 

KPLSTPGFHNSEEAISSSGSKR 

KSFTSLYK 

KSFTSLYKDR 

LGEASDSELADADK 

LGEASDSELADADKASVASEVSTTSSTSKPPTGR 

LGSLSAR 

LKGNKHDDGTQSDSENAGAHR 

SVDKQHAVINYDASMDEHLVK 

SVDSRPQPAEHPDHLTITR 

TAEAVIR 

TDEGPDTPSYNR 

TLPQLPNEEK 

TLPQLPNEEKLLESSR 

TPLTSADEHNIHSK 

TSPVASGSTSK 

TSSMEISSILQELK 

TSSMEISSILQELKR 

TWSRDEVMGDNLLLSSVFQFSR 

VADWLAQNNPPQMVWER 

VADWLAQNNPPQMVWERTEEDSK 

VEAAAEVQPR 

VFDESLNFR 

VFDESLNFRK 

VFGVDDNQDYNRPIINEK 

VIQNESK 

VIQNESKR 

VKSMSSTHGSPSVNSR 

VPEEALK 
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LMELSATVENETDTGDAGVSLR 

LRAESEVPIVK 

LREDNNKTDEGPDTPSYNR 

LRTSPALK 

LVPSDKLSPR 

VPEEALKHEK 

VSGHSTSKGDR 

VTIRDHVTK 

WVSQWASLAANHTR 

Wasf2 DDGKEALK 

DVVGNDVATILSR 

EEEVSLQGINTR 

FYTNPSYFFDLWK 

GSVLAGPK 

GSVLAGPKR 

KDNPNRGNVNPR 

MGQEFVESK 

MKMGQEFVESK 

MLQDTKDIMK 

MLQDTKDIMKEK 

NSLPVPVLETYNSCDAPPPLNNLSPYR 

NSLPVPVLETYNSCDAPPPLNNLSPYRDDGK 

NSLPVPVLETYNSCDAPPPLNNLSPYRDDGKEALK 

QLGSLSK 

QTLPSDTSELECR 

SDLLSAIR 

SSLPAVSDAR 

TNITLANVIR 

TRKEEWEK 

TSMVSPSHPPPAPPLSSPPGPK 

VNSLAER 

VTQLDPKEEEVSLQGINTR 

YAEDIFGEICTQASAFASR 

Abi3 R1 

Coverage: 

37% 

Peptide 

Count: 19 

 

Abi3 R2 

Coverage: 

37% 

Peptide 

Count: 16 

 

Abi3 R3 

Coverage: 

36% 

Peptide 

Count: 16 
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Abi3 R4 

Coverage: 

33% 

Peptide 

Count: 14 

 

Abi3 R5 

Coverage: 

34% 

Peptide 

Count: 14 

Cyfip1 ALNLAYSSIYGSYR 

AVGPSSTQLYMVR 

DFVSEAYLITLGK 

DKQPNAQPQYLHGSK 

EANHNVSAPYGR 

EASMMEYVLYSLDLYNDSAHYALTK 

EFFLELTMGR 

EGDLLTK 

FALVEVIAMIK 

MADPQSIQESQNLSMFLANHNK 

MESVFNHAIR 

MYLTPSEK 

NAFVTGIAR 

NFVGPPHFQVICR 

NVIQSVLQAIR 

QPNAQPQYLHGSK 

SGDGESTPVEHVR 

SLELAIGR 

Abi3 R1 

Coverage: 

35% 

Peptide 

Count: 38 

 

Abi3 R2 

Coverage: 

11% 
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FAVLDFCYHLLK 

FINMFAVLDELKNMK 

FISELAR 

FQILNDEIITILDK 

HTVYAALQDFSQVTLR 

HVQLLGR 

KDFVSEAYLITLGK 

KFQILNDEIITILDK 

KNVIQSVLQAIR 

LGTPQQIAIAR 

LLGYQGIAVVMEELLK 

LMNFMYFQR 

LVHPTDK 

LVHPTDKYSNKDCPDNAEEYER 

SSLEGPTILDIEK 

TFLDDPIWR 

TMLESLIADK 

TVCDWETGHEPFNDPALR 

TVCFQNLR 

TVEVLEPEVTK 

VMAGSLLLDKR 

VSAAMYK 

WTCASSSSSPQYNICEQMIQIR 

YAPLHLVPLIER 

YLTLDSFDAMFR 

YNYTTEEK 

YSNKDCPDNAEEYER 

YSNSEVVTGSGR 

Peptide 

Count: 12 

 

Abi3 R3 

Coverage: 

19% 

Peptide 

Count: 21 

 

Abi3 R4 

Coverage: 

12% 

Peptide 

Count: 13 

 

Abi3 R5 

Coverage: 

2% 

Peptide 

Count: 2 

Ccdc22 AAQEQELESLR 

DCPGDEDRVR 

QENAGLLGR 

QLIEHLR 

Abi3 R1 
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DLLLFLAER 

FTFHLEPQVQAAQVADVPATSQR 

HRVPLLAEYR 

ILEIVGNIR 

ILIHSLR 

ILSDTKELQK 

LAEIQELHHSVR 

LPSDASEDADQPAGDSAIFLR 

LQGSALQQPFHSSR 

QLVSELETLPK 

QSELSVAEQEQALR 

QSWGPLGAPTQVR 

TLGINLVQVETECR 

TVELLPDGAANLAK 

VINPDVGSGLSHLLPPAMSAR 

VPLLAEYR 

YLAALHENCSQLIQTIEDTGTIMR 

Coverage: 

33% 

Peptide 

Count: 17 

 

Abi3 R2 

Coverage: 

6% 

Peptide 

Count: 4 

 

Abi3 R3 

Coverage: 

11% 

Peptide 

Count: 5 

 

Abi3 R4 

Coverage: 

4% 

Peptide 

Count: 2 
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Abi3 R5 

Coverage: 

3% 

Peptide 

Count: 2 

Mtss1 DWAKPGPYDQPLVNTLQR 

EPDSNGGGPTTTGGPPAGAEEAQRPR 

GDIQPQLDSALQDVNDKYLLLEETEK 

GLQLDVQR 

GTIGAGPIPIK 

KSSVCSSLNSVNSSDSR 

LSSVSSHDSGFISQDAFQSK 

NSDISQSYR 

PGPYDQPLVNTLQR 

RGTIGAGPIPIK 

RGTIGAGPIPIKTPVIPVK 

RPASTAGLPTTLGPAMVTPGVATIR 

RTPSTKPSVR 

SSNLAQQAPVR 

SSVCSSLNSVNSSDSR 

TPSTKPSVR 

TPVIPVK 

TTVVAAAAFLDAFQK 

VANQLDKDHAK 

Abi3 R1 

Coverage: 

16% 

Peptide 

Count: 8 

 

Abi3 R2 

Coverage: 

15% 

Peptide 

Count: 8 

 

Abi3 R3 

Coverage: 

18% 



Appendices 

 

[231] 
 

Peptide 

Count: 11 

 

Abi3 R4 

Coverage: 

11% 

Peptide 

Count: 5 

 

Abi3 R5 

Coverage: 

14% 

Peptide 

Count: 8 

Tanc1 ADAALISK 

ADNEPSCSPAAQELLTR 

ANFQEIISALPFVK 

AVVQYLVEEGAEIDQTDKNGR 

DKGTTQVQGGTAEHRPR 

DLLIKEPQLQSMLSLR 

DSGIIATITSSSENDDRSGSSLEWNR 

LVCLLIK 

LVEEGNVMYK 

MSSSTSSLTSSSSVSDGFK 

NGHALLAFMFSR 

NQHLEGTGPFTAGTGCGHFGDR 

NTAVVVTLLR 

NTELAENR 

Abi3 R1 

Coverage: 

35% 

Peptide 

Count: 43 

 

Abi3 R2 
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EAGGDFGSETPALSSSGDSPVNSLSTTEDTYR 

ETVAQSGLVMQPTK 

FAPYKPQEILLKPLLFEVPSITTDSVFVGR 

FMTQSAFDR 

FQQQSNPPNR 

GAALSSLDKEGLSALSWACLK 

GCDVNLSDK 

GHSDILQYLLNCEWSAGPPQPGTLR 

GKVEICELLLER 

GQCALVHSALR 

GTTQVQGGTAEHRPR 

GVLEPLTSLR 

HPASLSSSGSSGSPSSSIK 

IPEEEYIILIDGLNEAEFHKPDYGDTLSSFITK 

LCPNNQEIKR 

LGASQSLQLQR 

LLAHASVAVDMAPPNQGGPVSCSDVR 

LLILGGANVNYR 

LSLDDFPDNKDIHSDLHAYVQHR 

LTLDLFQR 

LVALSCHGSR 

QFLAALADLQEAVK 

QGHWQVVR 

QSLLTQSR 

RADNCSPVAEEETTGSAESVLPK 

SCVQDPVAAFK 

SESGTAYPLPSK 

SGSSLEWNR 

SHLTSAKPK 

SPCETISSPSSTLESK 

SQPPPSVPSPYIR 

SSDPTQDLPGTPLLSPSSSTSALSVTR 

SYEAFYAR 

TGVSSSHLQALWIGYSTEGLSAALASLR 

TNDFGLAEEFASK 

TPAGPGTADSQRPR 

VHSSQDILSNISLNGK 

VPGDPVMIPFGEGSKPSEPSATEAK 

VSAAPAVSR 

VSLYLNLSR 

VSSHLVLR 

VVPVSLSELYLLQCNMK 

Coverage: 

14% 

Peptide 

Count: 19 

 

Abi3 R3 

Coverage: 

14% 

Peptide 

Count: 19 

 

Abi3 R4 

Coverage: 

11% 

Peptide 

Count: 15 

 

Abi3 R5 

Coverage: 

2% 

Peptide 

Count: 3 
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Pik3ap1 APDLSSGNVSLK 

DEELPTLLHFAAK 

HGHYPNTIAEK 

HTDLEITVPIR 

IVPYNTETLDK 

LGIVNVDEAVLHFK 

LGNFYVSSESIR 

LVPDASFSAQDLWVFR 

NLTALLLTCPGALQAYSVANK 

QLITLQEQVK 

SLLSVSSGMEGDNEDNEIPEITR 

VSTEAEFSPEDSPSIR 

Abi3 R1 

Coverage: 

19% 

Peptide 

Count: 11 

 

Abi3 R2 

Coverage: 

9% 

Peptide 

Count: 5 

 

Abi3 R3 

Coverage: 

5% 

Peptide 

Count: 3 

 

Abi3 R4 

Coverage: 

3% 
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Peptide 

Count: 2 

 

Abi3 R5 

Coverage: 

3% 

Peptide 

Count: 2 

Gigyf2 AAETQTLNFGPEWLR 

AAKLEQER 

ADPSLLGFSVNASSER 

AEQVEKAEEENRSENSLSAK 

ALQQQQQQQQQQK 

ALSSGGSITSPPLSPALPK 

AYLGDTSEAK 

AYLGDTSEAKEFAK 

DVGRPNFEESGPTSVGR 

EVESPYEVHDYTR 

IFREEQNGEDEDGGWR 

LQQQQQQQQLAQMK 

MSDQNIIPSVTR 

NSNMGFWDDAVK 

QQQQQQQQQQQHQQSNR 

RKQEELLR 

SESENWR 

Abi3 R1 

Coverage: 

14% 

Peptide 

Count: 14 

 

Abi3 R2 

Coverage: 

3% 

Peptide 

Count: 3 

 

Abi3 R3 
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Coverage: 

3% 

Peptide 

Count: 3 

 

Abi3 R4 

Coverage: 

3% 

Peptide 

Count: 3 

 

Abi3 R5 

Coverage: 

0% 

Peptide 

Count: 0 

Ripk3 DKVDAAVSEVK 

DLKPSNILLDPELHAK 

GTTPGPVFTETPGPHPQR 

KLEFVGK 

QAQDTSVGPATPAR 

TWNHDVAVK 

GGFGVVFR 

LWPTGASAVPLVSR 

LADFGLSTFQGGSQSGSGSGSGSR 

Abi3 R1 

Coverage: 

15% 

Peptide 

Count: 6 
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Abi3 R2 

Coverage: 

8% 

Peptide 

Count: 3 

 

Abi3 R3 

Coverage: 

8% 

Peptide 

Count: 2 

 

Abi3 R4 

Coverage: 

5% 

Peptide 

Count: 2 

 

Abi3 R5 

Coverage: 0 

Peptide 

Count: 0 
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Appendix 2 

HA-BirA*-Abi3S212F Sequence (g.624C<T): 

TACCCATACGATGTTCCAGATTACGCTGGATCCAAGGACAACACCGTGCCCCTGAAGCTGATCGCCCTGCTGGCCAACGGCG

AGTTCCACTCTGGCGAGCAGCTGGGAGAGACCCTGGGAATGAGCAGAGCCGCCATCAACAAGCACATCCAGACACTGAGAGA

CTGGGGAGTGGACGTGTTCACCGTGCCTGGCAAGGGCTACAGCCTGCCTGAGCCTATCCAGCTGCTGAACGCCAAGCAGATC

CTGGGACAGCTGGATGGCGGAAGCGTGGCCGTGCTGCCTGTGATCGACTCCACCAATCAGTACCTGCTGGACAGAATCGGA

GAGCTGAAGTCCGGCGACGCCTGCATCGCCGAGTACCAGCAGGCTGGCAGAGGAGGCAGAGGACGGAAGTGGTTCAGCCC

ATTCGGAGCCAACCTGTACCTGTCCATGTTCTGGAGACTGGAGCAGGGACCTGCTGCTGCCATCGGACTGAGTCTGGTGATC

GGAATCGTGATGGCCGAGGTGCTGAGAAAGCTGGGAGCCGACAAGGTGAGAGTGAAGTGGCCTAATGACCTGTACCTCCAG

GACCGCAAGCTGGCTGGCATCCTGGTGGAGCTGACAGGCAAGACAGGCGATGCCGCTCAGATCGTGATCGGAGCCGGAATC

AACATGGCCATGAGAAGAGTGGAGGAGAGCGTGGTGAACCAGGGCTGGATCACCCTGCAGGAGGCTGGCATCAACCTGGAC

CGGAACACCCTGGCCGCCATGCTGATCAGAGAGCTGAGAGCCGCTCTGGAGCTGTTCGAGCAGGAGGGACTGGCTCCTTAC

CTGAGCAGATGGGAGAAGCTGGACAACTTCATCAACAGACCTGTGAAGCTGATCATCGGCGACAAGGAAATCTTCGGCATCTC

CAGAGGAATCGACAAGCAGGGAGCTCTGCTGCTGGAGCAGGACGGAATCATCAAGCCCTGGATGGGCGGAGAAATCTCCCT

GAGAAGCGCAGAGAAGGGTGCTGGCGCCGGAGCAGGGGCGGGTGCCATGGCGGAGCTGCAGCAGTTACAGCAGCTGCAGG

AGTTTGATATCCCCACGGGCCGGGAGGCTCTGCGGGGCAACCACAGCGCCCTGCTACGGGTGGCCAACTACTGCGAGGATA

ACTACTTGCAGGCCACAGACAAGCGGAAGGCGCTGGAAGAGACGATGGCTTTCACCACCCAGGCCCTAGCCAGTGTGGCCTA

CCAAGTGGGTAACCTGGCCGGGCATACTCTTCGAATGCTGGATCTACAGGGTGCTGCCCTGCGGCAGGTAGAAGCCAAGATG

AGCACACTGGGCCAGATGGTAAACATGCATATGGAGAAGGTAGCTAGAAGGGAGATCGGCACTTTGGCCACTGTTGTGCGGC

TGCCCTCTAACCAGAAAGTCATCCCTCCTGAGAGCCTGCCTTCCCTCACTCCCTACCACAGAAAACCCCTCAACTTTGCCTGCT

TGGATGACATTGGCCACGGAGTCAAGGACTTGAGCACGCAGCTGTCACGGACCGGGACCCTGTCTCGCAAGAGCATAAAGGC
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GCCTGCTACACCTGTTTCCGCCACGCTGGGGAGACCACCCCGGATCCCTGAGCCGGTGCAGCTCCCAGCCGTGCCAGACGG

CAAGCTCTCCGCTGCTTCCTCTGCCTCTTCCTTGGCCTCGGCAGGCAGTGCGGAAGGTGCCAGTGGGATCCCCCAGTCCAAG

GGACAGGTAGCGCCTGCAACCCCGCCTCCTCCACCTGTAGCACCTGTAACCCCGCCTCCTCCACCGTTGTCTGCCGAGGTCT

TCTTGCCGCCCCCTCCGCTGGAGGTGTCCCAGCCCCCTCTGGAAGCAGAGTTGCCCCTGCCTCCTCCCCCAGCTCTAGAGGG

GGATGAACTGGGGCTGCTGCCTCCGCCCCCACCAGGTTTTGGACCAGATGAGCCCAGCTGGGTCCCTGCTAGCTACTTGGAG

AAAGTGGTGACCCTGTACCCATACACCCGGCAAAAGGACAATGAGCTCTCCTTCTCTGAAGGCACCGTCATCTGTGTCACTCG

CCGCTACTCGGATGGCTGGTGTGAGGGTGTCAGTTCAGAGGGCACTGGATTCTTCCCAGGGAACTATGTGGAGCCCAGCTGC

TGA 
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Supplementary table 2.1 Mass spectrometry data for Abi3-S212F-associated proteins. Peptide sequences of high-confidence interactors 

of Abi3-S212F as determined by SAINTexpress. Peptide sequences identified by mass spectrometry are presented with each interactor with 

peptide count and percentage coverage values generated from each biological replicate. 

Protein Peptides MS Data 

Abi3 AELQQLQQLQEFDIPTGR 

ALEETMAFTTQALASVAYQVGNLAGHTLR 

APATPVSATLGR 

APATPVSATLGRPPR 

DLSTQLSR 

DNELSFSEGTVICVTR 

EALRGNHSALLR 

EIGTLATVVR 

EIGTLATVVRLPSNQK 

GNHSALLR 

IPEPVQLPAVPDGK 

KALEETMAFTTQALASVAYQVGNLAGHTLR 

KPLNFACLDDIGHGVK 

KPLNFACLDDIGHGVKDLSTQLSR 

MLDLQGAALR 

MSTLGQMVNMHMEK 

PLNFACLDDIGHGVK 

QKDNELSFSEGTVICVTR 

REIGTLATVVR 

RYSDGWCEGVSSEGTGFFPGNYVEPSC 

SIKAPATPVSATLGRPPR 

VANYCEDNYLQATDK 

VANYCEDNYLQATDKR 

VANYCEDNYLQATDKRK 

VIPPESLPSLTPYHR 

VVTLYPYTR 

YSDGWCEGVSSEGTGFFPGNYVEPSC 

Abi3-S212F 

R1 

Coverage: 

64% 

Peptide 

Count 25 

 

Abi3-S212F 

R2 

Coverage: 

60% 

Peptide 

Count 23 

 

Abi3-S212F 

R3 
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Coverage: 

59% 

Peptide 

Count: 22 

 

Abi3-S212F 

R4 

Coverage: 

61% 

Peptide 

Count 26 

 

Abi3-S212F 

R5 

Coverage: 

57% 

Peptide 

Count: 21  

Cep170 AESEVPIVK 

ALHPAAAGVAAAASTEFENAESEADFSIHFNR 

ALLHSGSSSSK 

ASPGTQDLPGIQTGMMAPENK 

LRAESEVPIVK 

LREDNNKTDEGPDTPSYNR 

MQQQEQKEQAQWTPTK 

MQQQEQKEQAQWTPTKFPSK 

Abi3-S212F 

R1 

Coverage: 

58% 



Appendices 

 

[241] 
 

ASVASEVSTTSSTSKPPTGR 

ATLEEHLR 

CREESSKQESQLLEK 

CSTSSPSKDVTK 

DDCELMLQSR 

DEVMGDNLLLSSVFQFSR 

DKDRNWDDIENK 

DLGSLNGTFVNDVR 

DLGSLNGTFVNDVRIPEQTYITLK 

DTEAVMAFLEAK 

DTPSSHTAGAGHASFTIEFDDSTPGK 

DWALNSAAVVMEER 

DWTAHREEIAR 

EAQVYQSEK 

EAQVYQSEKHDADR 

EAQVYQSEKHDADRGLSK 

EDNNKTDEGPDTPSYNR 

EESSKQESQLLEK 

EEVGDLHGEMHK 

EFQQPSQIAESTIHEIPTK 

EINDVAGEIDSVTSSGTAPSTTVSTAATTPGSAIDTR 

MQSTGSAMPASSSFK 

NALGHIDK 

NALGHIDKCR 

NQATSASSEKDNDDDQSDKGTYTIELENPNSEE

VEAR 

NWDDIENK 

NWDDIENKLR 

PQPAEHPDHLTITR 

QDTELQEK 

QDTELQEKEAQVYQSEK 

QESQLLEK 

QGSFTIDKPSSNIPIELIPHINK 

QHAVINYDASMDEHLVK 

QKSEEPSVSLPFLQTALLR 

QLQVINAMIDPDGTLEALNNMGFPNAILPSPPK 

QNSSVPTALALTSASR 

RATLEEHLR 

RATLEEHLRR 

RFPTDYASTSEDEFGSNR 

RTLPQLPNEEK 

RWVSQWASLAANHTR 

Peptide 

Count 86 

 

Abi3-S212F 

R2 

Coverage: 

68% 

Peptide 

Count: 97 

 

Abi3-S212F 

R3 

Coverage: 

61% 

Peptide 

Count: 84 

 

Abi3-S212F 

R4 

Coverage: 

60% 
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EKSETEKETSLVK 

EMIFVGR 

EMIFVGRDDCELMLQSR 

EPSYFEIPTK 

EPSYFEIPTKEFQQPSQIAESTIHEIPTK 

EQAQWTPTK 

EQAQWTPTKFPSK 

ERSDSLDTDSSMDTTLILK 

FGYDTNLFTVVR 

FNPDGEEEDVTVHE 

FPTDYASTSEDEFGSNR 

FTIQLQLSQK 

GEMRVPEEALK 

GLIKDWALNSAAVVMEER 

GTDSKVEAAAEVQPR 

GTPLYGQPSWWGDAEEDEQR 

HVEGQSAAASEEALFPFCR 

IDLLAQPR 

IKEQEDYIR 

IKEQEDYIRDWTAHR 

ILFKDKDR 

SDSEATISR 

SDSLDTDSSMDTTLILK 

SDVPVYLK 

SDVPVYLKR 

SEEPSVSLPFLQTALLR 

SEIGEKQDTELQEK 

SETEKETSLVK 

SFTSLYK 

SFTSLYKDR 

SIKSDVPVYLKR 

SKTSPVASGSTSK 

SMSSTHGSPSVNSR 

SSESELPK 

SSGSLGHRPSQEMDVMLK 

SSPVNNHSSPSQTPALCPPETR 

STSCTTSLASQGER 

SVDKQHAVINYDASMDEHLVK 

SVDSRPQPAEHPDHLTITR 

TAEAVIR 

TDEGPDTPSYNR 

TLPQLPNEEK 

Peptide 

Count: 80 

 

Abi3-S212F 

R5 

Coverage: 

54% 

Peptide 

Count: 71 
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IPEQTYITLK 

IRQPSIDLTDDDQTSSVPHSAISDIMSSDQETYSCK 

ISQDLALIAR 

KAEEIPK 

KASPGTQDLPGIQTGMMAPENK 

KFVQSSGR 

KIPPLVHSK 

KPLSTPGFHNSEEAISSSGSK 

KPLSTPGFHNSEEAISSSGSKR 

KSFTSLYK 

KSFTSLYKDR 

LGEASDSELADADK 

LGEASDSELADADKASVASEVSTTSSTSKPPTGR 

LKGNKHDDGTQSDSENAGAHR 

LMELSATVENETDTGDAGVSLR 

TLPQLPNEEKLLESSR 

TPLTSADEHNIHSK 

TSSMEISSILQELK 

TSSMEISSILQELKR 

TWSRDEVMGDNLLLSSVFQFSR 

VADWLAQNNPPQMVWER 

VADWLAQNNPPQMVWERTEEDSK 

VEAAAEVQPR 

VFDESLNFR 

VFDESLNFRK 

VFGVDDNQDYNRPIINEK 

VKSMSSTHGSPSVNSR 

VPEEALK 

VPEEALKHEK 

VTIRDHVTK 

WVSQWASLAANHTR 

Wasf2 DVVGNDVATILSR 

EEEVSLQGINTR 

FYTNPSYFFDLWK 

GSVLAGPK 

GSVLAGPKR 

QTLPSDTSELECR 

RDVVGNDVATILSR 

SDLLSAIR 

SSLPAVSDAR 

TNITLANVIR 

Abi3-S212F 

R1 

Coverage: 

32% 
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MGQEFVESK 

MKMGQEFVESK 

MLQDTKDIMK 

NSLPVPVLETYNSCDAPPPLNNLSPYR 

NSLPVPVLETYNSCDAPPPLNNLSPYRDDGK 

NSLPVPVLETYNSCDAPPPLNNLSPYRDDGKEALK 

QLGSLSK 

TRKEEWEK 

TSMVSPSHPPPAPPLSSPPGPK 

VNSLAER 

VTQLDPK 

VTQLDPKEEEVSLQGINTR 

YAEDIFGEICTQASAFASR 

Peptide 

Count: 17 

 

Abi3-S212F 

R2 

Coverage: 

42% 

Peptide 

Count: 20 

 

Abi3-S212F 

R3 

Coverage: 

28% 

Peptide 

Count: 12 

 

Abi3-S212F 

R4 

Coverage: 

37% 
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Peptide 

Count: 16 

 

Abi3-S212F 

R5 

Coverage: 

36% 

Peptide 

Count: 17 

Tanc1 ADAALISK 

ADGESTAFLCEPR 

ADNEPSCSPAAQELLTR 

AEPSAGDGPVPYPQSSGSLIMPR 

ALELKPK 

ANFQEIISALPFVK 

AVVQYLVEEGAEIDQTDKNGR 

DKGTTQVQGGTAEHRPR 

DLLIKEPQLQSMLSLR 

DSGIIATITSSSENDDR 

DWLFHQIEENLR 

ETVAQSGLVMQPTK 

LGASQSLQLQR 

LGNAAWAMATSKPDILIILLQK 

LLAHASVAVDMAPPNQGGPVSCSDVR 

LLILGGANVNYR 

LTLDLFQR 

LVALSCHGSR 

LVCLLIK 

LVEEGNVMYK 

NEQKIPEEEYIILIDGLNEAEFHKPDYGDTLSSFIT

K 

NGHALLAFMFSR 

NLQEGLQSK 

Abi3-S212F 

R1 

Coverage: 

13% 

Peptide 

Count: 19 

 

Abi3-S212F 

R2 

Coverage: 

35% 

Peptide 

Count: 43 
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FAPYKPQEILLKPLLFEVPSITTDSVFVGR 

FMTQSAFDR 

FQQQSNPPNR 

GAALSSLDKEGLSALSWACLK 

GAVVVGSVGFGK 

GKVEICELLLER 

GQCALVHSALR 

GTTQVQGGTAEHRPR 

GVLEPLTSLR 

GVPHLYPEGVSK 

GVPPLFCAAR 

HPASLSSSGSSGSPSSSIK 

IPEEEYIILIDGLNEAEFHKPDYGDTLSSFITK 

KEAGGDFGSETPALSSSGDSPVNSLSTTEDTYR 

KTGVSSSHLQALWIGYSTEGLSAALASLR 

LCPNNQEIKR 

NTAVVVTLLR 

QFLAALADLQEAVK 

QQTMELGHHILK 

RADNCSPVAEEETTGSAESVLPK 

SCVQDPVAAFK 

SESGTAYPLPSK 

SGSSLEWNR 

SHQLAAYR 

SPCETISSPSSTLESK 

TNDFGLAEEFASK 

TPAGPGTADSQRPR 

TPLMVASCEGHLSTVEFLLSK 

VPGDPVMIPFGEGSKPSEPSATEAK 

VSAAPAVSR 

VSLYLNLSR 

VSSHLVLR 

VVPVSLSELYLLQCNMK 

 

Abi3-S212F 

R3 

Coverage: 

26% 

Peptide 

Count: 32 

 

Abi3-S212F 

R4 

Coverage: 

21% 

Peptide 

Count: 31 

 

Abi3-S212F 

R5 

Coverage: 

21% 

Peptide 

Count: 29 
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Cyfip1 ALNLAYSSIYGSYR 

AVGPSSTQLYMVR 

DFVSEAYLITLGK 

DKQPNAQPQYLHGSK 

EANHNVSAPYGR 

EASMMEYVLYSLDLYNDSAHYALTK 

EFFLELTMGR 

EGDLLTK 

FALVEVIAMIK 

FAVLDFCYHLLK 

FINMFAVLDELK 

FISELAR 

FQILNDEIITILDK 

GLQVLMGR 

GPLPSNGVMHVDECVEFHR 

HEYGSPGILEFFHHQLK 

HTVYAALQDFSQVTLR 

HVQLLGR 

IQFPIEMSMPWILTDHILETK 

KDFVSEAYLITLGK 

KFQILNDEIITILDK 

MESVFNHAIR 

MYLTPSEK 

NAFVTGIAR 

NFVGPPHFQVICR 

NVIQSVLQAIR 

NVIQSVLQAIRK 

QLQVVPLFGDMQIELAR 

QPNAQPQYLHGSK 

RFAVLDFCYHLLK 

RIQFPIEMSMPWILTDHILETK 

RKDFVSEAYLITLGK 

SGDGESTPVEHVR 

SLELAIGR 

SLLQGTILQYVK 

SSLEGPTILDIEK 

TFLDDPIWR 

TMLESLIADK 

TVCDWETGHEPFNDPALR 

TVCFQNLR 

TVEVLEPEVTK 

TVLPFSQEFQR 

Abi3-S212F 

R1 

Coverage: 

16% 

Peptide 

Count: 18 

 

Abi3-S212F 

R2 

Coverage: 

24% 

Peptide 

Count 28 

 

Abi3-S212F 

R3 

Coverage: 

45% 

Peptide 

Count: 51 
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KTVCDWETGHEPFNDPALR 

LADQIFAYYK 

LCCGLSMFEVILTR 

LGTPQQIAIAR 

LLGYQGIAVVMEELLK 

LMNFMYFQR 

LVHPTDK 

LVHPTDKYSNK 

VMAGSLLLDKR 

WTCASSSSSPQYNICEQMIQIR 

YAPLHLVPLIER 

YLTLDSFDAMFR 

YNYTTEEK 

YSNKDCPDNAEEYER 

YSNSEVVTGSGR 

Abi3-S212F 

R4 

Coverage: 

20% 

Peptide 

Count: 23 

 

Abi3-S212F 

R5 

Coverage: 21 

Peptide 

Count: 22 

Ruvbl2 AAGVVLEMIR 

ALESDMAPVLIMATNR 

ARDYDAMGSQTK 

AVLIAGQPGTGK 

DKVQAGDVITIDK 

EVVHTVSLHEIDVINSR 

EYQDAFLFNELK 

EYQDAFLFNELKGETMDTS 

FVQCPDGELQKR 

IGLETSLR 

IRCEEEDVEMSEDAYTVLTR 

KGTEVQVDDIKR 

LLIVSTSPYSEK 

LLIVSTSPYSEKDTK 

QASQGMVGQLAAR 

TEALTQAFR 

TQGFLALFSGDTGEIK 

TQGFLALFSGDTGEIKSEVR 

Abi3-S212F 

R1 

Coverage: 

33% 

Peptide 

Count: 14 

 

Abi3-S212F 

R2 
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GLGLDDALEPR 

GTEVQVDDIK 

GTEVQVDDIKR 

GTSYQSPHGIPIDLLDR 

IGAHSHIR 

TTEMETIYDLGTK 

VQAGDVITIDK 

VYSLFLDESR 

YAIQLITAASLVCR 

Coverage: 

56% 

Peptide 

Count: 24 

 

 

Abi3-S212F 

R3 

Coverage: 

44% 

Peptide 

Count: 17 

 

Abi3-S212F 

R4 

Coverage: 

46% 

Peptide 

Count: 18 

 

Abi3-S212F 

R5 
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Coverage: 

40% 

Peptide 

Count: 15 

Mtss1 DWAKPGPYDQPLVNTLQR 

ECSALGGLFQTIISDMK 

EPDSNGGGPTTTGGPPAGAEEAQRPR 

ESPQGEDMLNAIR 

GDIQPQLDSALQDVNDK 

GDIQPQLDSALQDVNDKYLLLEETEK 

GLQLDVQR 

GSYPVWEDFINK 

GTIGAGPIPIK 

KALIEER 

KSSVCSSLNSVNSSDSR 

KVANQLDKDHAK 

LPSSSEQVILDLK 

LSSVSSHDSGFISQDAFQSK 

MEAVIEK 

NSDISQSYR 

PSIPEEHR 

QAIPESEAEDQERDPPSATVSPGPIPESDPADLS

PR 

REPDSNGGGPTTTGGPPAGAEEAQRPR 

RGTIGAGPIPIK 

RGTIGAGPIPIKTPVIPVK 

RPASTAGLPTTLGPAMVTPGVATIR 

RTPSTKPSVR 

SMTVSAATRPGEEMAACEELTLALSR 

SSNLAQQAPVR 

TPSTKPSVR 

TPVIPVK 

TTVVAAAAFLDAFQK 

VANQLDKDHAK 

VTSVHLPDYAHYYTIGPGMFPSSQIPSWK 

YLLLEETEK 

Abi3-S212F 

R1 

Coverage: 

27% 

Peptide 

Count: 15 

 

Abi3-S212F 

R2 

Coverage: 

43% 

Peptide 

Count: 24 

 

Abi3-S212F 

R3 

Coverage: 

30% 
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Peptide 

Count: 16 

 

Abi3-S212F 

R4 

Coverage: 

28% 

Peptide 

Count: 13 

 

Abi3-S212F 

R5 

Coverage: 34 

Peptide 

Count: 20 

Usp15 AAYVLFYQR 

AEGGAADLDTQR 

DDIYVFEININR 

FSYVTPR 

IFAVDENLSSIMER 

IGNILDLCTALSALSGVPADK 

ISPSSLSNNYNNINNR 

LKDCIELFTTK 

LYNLLLLR 

MIVTDIYNHR 

MSTETEETDGHLR 

NEDGTWPR 

NNTEDKLYNLLLLR 

QDTFSGTGFFPLDR 

Abi3-S212F 

R1 

Coverage: 

11% 

Peptide 

Count: 9 
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ISVTFDPFCYLTLPLPMKK 

KGDTWYLVDSR 

KLDLWSLPPVLVVHLK 

LFTFQFNNLGNNDINYIK 

LFTFQFNNLGNNDINYIKDDTSHIR 

RNDSIIVDIFHGLFK 

SDIATLLK 

SFLALDWDPDLK 

SLEVYLVR 

VEVYLTELK 

Abi3-S212F 

R2 

Coverage: 

14% 

Peptide 

Count: 13 

 

Abi3-S212F 

R3 

Coverage: 

17% 

Peptide 

Count: 14 

 

Abi3-S212F 

R4 

Coverage: 

13% 

Peptide 

Count: 11 
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Abi3-S212F 

R5 

Coverage: 13 

Peptide 

Count: 12 

Arhgap1

2 

DANQNFGSNYNSGQTLNLSLDLTHNNGK 

DQVFGSNLANLCQR 

ELPEPLFTFNHFNDFVNAIK 

HSTIVLDSNDKDSPTTTK 

KNWLSSWAVLQGSSLLFTK 

LCIEHVEEHGLDVDGIYR 

LDLNDSKWEDIHVITGALK 

LFGHFPGPEFLDIEK 

MTYQSIAIVFGPTLLKPER 

QLPKPNQDTMQILFR 

RLQEPIVLTK 

SEWELPK 

TQGSSTSWFGSNQSKPEFTVDLK 

TSFSQEQSCDSAGEGSER 

VSGNLAVIQK 

YGLLNVTK 

Abi3-S212F 

R1 

Coverage: 

7% 

Peptide 

Count: 4 

 

Abi3-S212F 

R2 

Coverage: 

22% 

Peptide 

Count: 11 

 

Abi3-S212F 

R3 
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Coverage:16

% 

Peptide 

Count: 8 

 

Abi3-S212F 

R4 

Coverage: 

9% 

Peptide 

Count: 5 

 

Abi3-S212F 

R5 

Coverage: 

16% 

Peptide 

Count: 9 

Evi2b ASVVSLMTWKPSK 

KPVLNDQNWAGR 

 

LFESSEHINDTSNLK 

SPFADGETPEMCMDNIR 

Abi3-S212F 

R1 

Coverage: 

7% 
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Peptide 

Count: 2 

 

Abi3-S212F 

R2 

Coverage: 

13% 

Peptide 

Count: 4 

 

Abi3-S212F 

R3 

Coverage: 

13% 

Peptide 

Count: 4 

 

Abi3-S212F 

R4 

Coverage: 

13% 
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Peptide 

Count: 4 

 

Abi3-S212F 

R5 

Coverage: 

13% 

Peptide 

Count: 4 

Mtmr1 DPHFVLDVPLGVISR 

HAFPLSNGQVLFAFNYK 

IGAQSHGDNSCGIEIVCK 

LTIFDAR 

NVERDPHFVLDVPLGVISR 

VLLAGAVR 

Abi3-S212F 

R1 

Coverage: 

5% 

Peptide 

Count: 3 

 

Abi3-S212F 

R2 

Coverage: 

5% 

Peptide 

Count: 3 
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Abi3-S212F 

R3 

Coverage: 

7% 

Peptide 

Count: 4 

Abi3-S212F 

R4 

Coverage: 

5% 

Peptide 

Count: 3 

 

Abi3-S212F 

R5 

Coverage: 

5% 

Peptide 

Count: 3 

Pik3ap1 APDLSSGNVSLK 

DEELPTLLHFAAK 

LGNFYVSSESIR 

NLTALLLTCPGALQAYSVANK 

Abi3-S212F 

R1 
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FQQENLKR 

HTDLEITVPIR 

LGIVNVDEAVLHFK 

QFIDEYVETVDMLK 

QLITLQEQVK 

VSTEAEFSPEDSPSIR 

Coverage: 

5% 

Peptide 

Count: 3 

 

Abi3-S212F 

R2 

Coverage: 

11% 

Peptide 

Count: 7 

 

Abi3-S212F 

R3 

Coverage: 

11% 

Peptide 

Count: 6 

 

Abi3-S212F 

R4 
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Coverage: 

12% 

Peptide 

Count: 7 

 

Abi3-S212F 

R5 

Coverage: 

13% 

Peptide 

Count: 8 

Abl2 AGKPTASDDTSKPFPR 

LLSEHQVTSSGDKDRPR 

LPLLPSK 

MEQPEGCPPK 

STQASSGSPALPR 

TVSTSSQPEENVDR 

VGEAPGLQQPQPR 

VLGYNQNGEWSEVR 

VYVTAESR 

Abi3-S212F 

R1 

Coverage: 

3% 

Peptide 

Count: 2 

 

Abi3-S212F 

R2 

Coverage: 

4% 
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Peptide 

Count: 4 

Abi3-S212F 

R3 

Coverage: 

3% 

Peptide 

Count: 3 

 

Abi3-S212F 

R4 

Coverage: 

3% 

Peptide 

Count: 3 

 

Abi3-S212F 

R5 

Coverage: 

5% 

Peptide 

Count: 5 
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Cbl ADAAEFWR 

ALVIAHNNIEMAK 

APVPASTSVLGTASK 

ASSYQQGGGATANPVATAPSPQLSSEIER 

EFVSISSPAHVAT 

EGFYLFPDGR 

GIFPSGLFQGDTFR 

GTEPIVVDPFDPR 

HSLPFSLPSQMEPR 

ICAENDKDVK 

KASSYQQGGGATANPVATAPSPQLSSEIER 

LDLLQQR 

LFQPWSSLLR 

LGSTFSLDTSMTMNSSPVAGPESEHPK 

LSLIFSHMLAEIK 

METLGENEYFR 

MYEENSQPR 

NQNPDLTGLCEPTPQDHIK 

NSPPYILDILPDTYQHLR 

QALHEVHPISSGLEAMALK 

RPLEATQSSR 

RPLPCTPGDCPSR 

SSGAGGGGSGGSGAGGLIGLMK 

VPVATPNPGDPWNGR 

Abi3-S212F 

R1 

Coverage: 

7% 

Peptide 

Count: 6 

 

Abi3-S212F 

R2 

Coverage: 

31% 

Peptide 

Count: 20 

 

Abi3-S212F 

R3 

Coverage: 16 

Peptide 

Count: 10 

 

Abi3-S212F 

R4 
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Coverage: 13 

Peptide 

Count: 8 

 

Abi3-S212F 

R5 

Coverage: 

16% 

Peptide 

Count: 10 

Eif4g2 ASSLISLLK 

DLGVFIPAPMAQGR 

EDITQEFPGK 

ENPLLPEEEEQR 

FIGELGK 

FLLQDTVELR 

GLSFLFPLLK 

GLSFLFPLLKLEK 

GVILLIVDK 

KAFLDNGPK 

KPPPSKEELLK 

LEVDIPLVK 

LQDEFENR 

LQDREWLTELFQQSK 

LTEAVVTDYLNSGNANDAVSGVR 

NVDVYDKR 

QLLLSFKPVMQK 

SLMDQYFAR 

SQGLSQLYHNQSQGLLSQLQGQSK 

SYLAQFAAR 

TAGNSEFLGK 

TQTPPLGQTPQLGLK 

Abi3-S212F 

R1 

Coverage: 

8% 

Peptide 

Count: 8 

Abi3-S212F 

R2 

Coverage: 

22% 

Peptide 

Count: 16 
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LAEDAPNFDGPAAEGQPGQK 

LDLIHESILHK 

VIILSLDR  

Abi3-S212F 

R3 

Coverage: 

17% 

Peptide 

Count: 13 

 

Abi3-S212F 

R4 

Coverage: 

13% 

Peptide 

Count: 9 

 

Abi3-S212F 

R5 

Coverage: 

19% 

Peptide 

Count: 14 
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Glmn AVEELQSIIK 

AVEELQSIIKR 

 

GLELLETSLLR 

SFLAVPQGLVK 

Abi3-S212F 

R1 

Coverage: 

4% 

Peptide 

Count: 3 

 

Abi3-S212F 

R2 

Coverage: 

4% 

Peptide 

Count: 2 

 

Abi3-S212F 

R3 

Coverage: 

4% 

Peptide 

Count: 2 
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Abi3-S212F 

R4 

Coverage: 

4% 

Peptide 

Count: 2 

 

Abi3-S212F 

R5 

Coverage: 

4% 

Peptide 

Count: 2 

Dbt AASLGLLQFPILNASVDENCQNITYK 

AQIMNVSWSADHR 

ASHNIGIAMDTELGLIVPNVK 

DRTEPVTGFQK 

DRTFPTPIAKPPVFTGK 

EDILSFLEK 

ILKEDILSFLEK 

IPHFGYCDEIDLTQLVK 

LGSSGQLGTTDLTGGTFTLSNIGSIGGTYAK 

LSEVVGSGK 

LSFMPFFLK 

PVILPPEVAIGALGAIK 

QTGAILPPSPK 

RLAMENNIK 

SEITPPPPQPK 

SVFEIAMELNR 

SYLENPAFMLLDLK 

TFPTPIAKPPVFTGK 

Abi3-S212F 

R1 

Coverage: 

13% 

Peptide 

Count: 4 

 

Abi3-S212F 

R2 
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LREELKPVALAR 

LSDIGEGIR 

TLATPAVR 

VIDGATMSR 

Coverage: 

16% 

Peptide 

Count: 6 

 

Abi3-S212F 

R3 

Coverage: 

44% 

Peptide 

Count: 17 

 

Abi-S212F 

R4 

Coverage: 

45% 

Peptide 

Count: 16 

 

Abi3-S212F 

R5 
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Coverage: 

40% 

Peptide 

Count: 13 

Stat3 AILSTKPPGTFLLR 

EGGVTFTWVEK 

ESHATLVFHNLLGEIDQQYSR 

GLSIEQLTTLAEK 

LLGPGVNYSGCQITWAK 

LLQTAATAAQQGGQANHPTAAVVTEK 

TGVQFTTK 

TQIQSVEPYTK 

Abi3-S212F 

R1 

Coverage: 

0% 

Peptide 

Count: 0 

 

Abi3-S212F 

R2 

Coverage: 

7% 

Peptide 

Count: 3 

 

Abi3-S212 

R3 

Coverage: 

9% 
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Peptide 

Count: 4 

 

Abi3-S212F 

R4 

Coverage: 

13% 

Peptide 

Count: 6 

 

Abi3-S212F 

R5 

Coverage: 

13% 

Peptide 

Count: 6 

Arfgap1 AEDSSDRPLEGHSYQNSSGDNSQNSNIDQSFWETFGSA

EPPK 

AFEDWLNDDLGSYQGAQENR 

ASELGHSLNENVLKPAQEK 

ASGQPQSAAASGDKAFEDWLNDDLGSYQGAQENR 

DKVATLAEGK 

EFLETQDDYEPSWSLQDK 

FREFLETQDDYEPSWSLQDK 

GLGVHLSFVR 

IFDDVSSGVSQLASK 

NSNSDGWESWEGASGEGR 

SPSSDSWTCADASTGR 

Abi3-S212F 

R1 

Coverage: 

9% 

Peptide 

Count: 2 
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DVTTFFSGK 

EDDFLNNAMSSLYSGWSSFTTGASK 

VATLAEGK  

Abi3-S212F 

R2 

Coverage: 

41% 

Peptide 

Count: 10 

 

Abi3-S212F 

R3 

Coverage: 

41% 

Peptide 

Count: 10 

 

Abi3-S212F 

R4 

Coverage: 

36% 

Peptide 

Count: 9 
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Abi3-S212F 

R5 

Coverage: 

32% 

Peptide 

Count: 8 

Wdr62 AGTGYMSSDGTNVLSGQK 

HHFETLTDAPTEELFHGSLGDIK 

ISETEDYFFNPR 

KPPTPTSVLTTGR 

LAAAPEDTVQNR 

LQTAFQEALDLYR 

LSISTQFLSR 

NYNLEQTLDDHSSSITAIK 

SISLIDFYSGECVAK 

SPEAQPVGQGGNQPK 

VTSTVPLVGR 

Abi3-S212F 

R1 

Coverage: 

0% 

Peptide 

Count: 0 

 

Abi3-S212F 

R2 

Coverage: 

6% 

Peptide 

Count: 6 

Abi3-S212F 

R3 
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Coverage: 

3% 

Peptide 

Count: 3 

 

Abi3-S212F 

R4 

Coverage: 

3% 

Peptide 

Count: 4 

 

Abi3-S212F 

R5 

Coverage: 

3% 

Peptide 

Count: 4 

Ripk3 DLKPSNILLDPELHAK 

GGFGVVFR 

GTTPGPVFTETPGPHPQR 

KLEFVGK 

LWPTGASAVPLVSR 

QAQDTSVGPATPAR 

TNEVYNLVK 

TSSDPVAGTPQIPHTLPFR 

Abi3-S212F 

R1 

Coverage: 

0% 
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Peptide 

Count: 0 

 

Abi3-S212F 

R2 

Coverage: 

11% 

Peptide 

Count: 4 

 

Abi3-S212F 

R3 

Coverage: 

11% 

Peptide 

Count: 4 

 

Abi3-S212F 

R4 

Coverage: 

5% 
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Peptide 

Count: 2 

 

Abi3-S212F 

R5 

Coverage: 

9% 

Peptide 

Count: 4 
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Appendix 3 

Trem2-BirA*-HA Sequence: 

ATGGGACCTCTCCACCAGTTTCTCCTGCTGCTGATCACAGCCCTGTCCCAAGCCCTCAACACCACGGTGCTGCAGGGCATG

GCCGGCCAGTCCTTGAGGGTGTCATGTACTTATGACGCCTTGAAGCACTGGGGGAGACGCAAGGCCTGGTGTCGGCAGCT

GGGTGAGGAGGGCCCATGCCAGCGTGTGGTGAGCACACACGGTGTGTGGCTGCTGGCCTTCCTGAAGAAGCGGAATGGGA

GCACAGTCATCGCAGATGACACCCTTGCTGGAACCGTCACCATCACTCTGAAGAACCTCCAAGCCGGTGACGCGGGCCTCT

ACCAGTGTCAGAGTCTCCGAGGCCGAGAGGCTGAGGTCCTGCAGAAAGTACTGGTGGAGGTGCTGGAGGACCCTCTAGAT

GACCAAGATGCTGGAGATCTCTGGGTCCCCGAGGAGTCATCGAGTTTCGAGGGTGCCCAAGTGGAACACAGCACCTCCAG

GAATCAAGAGACCTCCTTCCCACCCACCTCCATTCTTCTCCTCCTGGCCTGCGTTCTCCTGAGCAAGTTTCTTGCAGCCAGC

ATCCTCTGGGCTGTGGCCAGGGGCAGGCAGAAGCCGGGAACACCTGTGGTCAGAGGGCTGGACTGTGGCCAAGATGCTG

GGCACCAACTTCAGATCCTCACTGGACCCGGAGGTACGGGTGCTGGCGCCGGAGCAGGGGCGGGTGCCAAGGACAACAC

CGTGCCCCTGAAGCTGATCGCCCTGCTGGCCAACGGCGAGTTCCACTCTGGCGAGCAGCTGGGAGAGACCCTGGGAATGA

GCAGAGCCGCCATCAACAAGCACATCCAGACACTGAGAGACTGGGGAGTGGACGTGTTCACCGTGCCTGGCAAGGGCTAC

AGCCTGCCTGAGCCTATCCAGCTGCTGAACGCCAAGCAGATCCTGGGACAGCTGGATGGCGGAAGCGTGGCCGTGCTGCC

TGTGATCGACTCCACCAATCAGTACCTGCTGGACAGAATCGGAGAGCTGAAGTCCGGCGACGCCTGCATCGCCGAGTACC

AGCAGGCTGGCAGAGGAGGCAGAGGACGGAAGTGGTTCAGCCCATTCGGAGCCAACCTGTACCTGTCCATGTTCTGGAGA

CTGGAGCAGGGACCTGCTGCTGCCATCGGACTGAGTCTGGTGATCGGAATCGTGATGGCCGAGGTGCTGAGAAAGCTGGG

AGCCGACAAGGTGAGAGTGAAGTGGCCTAATGACCTGTACCTCCAGGACCGCAAGCTGGCTGGCATCCTGGTGGAGCTGA

CAGGCAAGACAGGCGATGCCGCTCAGATCGTGATCGGAGCCGGAATCAACATGGCCATGAGAAGAGTGGAGGAGAGCGT

GGTGAACCAGGGCTGGATCACCCTGCAGGAGGCTGGCATCAACCTGGACCGGAACACCCTGGCCGCCATGCTGATCAGAG

AGCTGAGAGCCGCTCTGGAGCTGTTCGAGCAGGAGGGACTGGCTCCTTACCTGAGCAGATGGGAGAAGCTGGACAACTTC
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ATCAACAGACCTGTGAAGCTGATCATCGGCGACAAGGAAATCTTCGGCATCTCCAGAGGAATCGACAAGCAGGGAGCTCT

GCTGCTGGAGCAGGACGGAATCATCAAGCCCTGGATGGGCGGAGAAATCTCCCTGAGAAGCGCAGAGAAGGGATCCTACC

CATACGATGTTCCAGATTACGCTTAG 
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Supplementary table 3.1 Protein interactors of human TREM2. Known interactions of human TREM2 downloaded from the National Center 

for Biotechnology Information (NCBI) database. Interactors are supported by experimental evidence including two-hybrid and affinity capture 

methods. Descriptions have been extracted from the corresponding NCBI or GeneCards entry for each protein. Sources of the interaction data: 

Biological General Repository for Interaction Databases (BioGRID), Human Protein Reference Database (HPRD). 

Interactor Description Source Experimental 

Evidence 

Cell/Tissue Type Publication 

TYROBP This gene encodes a transmembrane signalling polypeptide which 

contains an immunoreceptor tyrosine-based activation motif (ITAM) 

in its cytoplasmic domain. The encoded protein may associate with 

the killer-cell inhibitory receptor (KIR) family of membrane 

glycoproteins and may act as an activating signal transduction 

element. This protein may bind zeta-chain (TCR) associated protein 

kinase 70kDa (ZAP-70) and spleen tyrosine kinase (SYK) and play 

a role in signal transduction, bone modelling, brain myelination, and 

inflammation. 

HPRD Affinity Capture Monocyte-derived 

dendritic cells 

Paloneva et al. 

(2002) 

Bouchon et al. 

(2001) 

APOA1 This gene encodes apolipoprotein A-I, which is the major protein 

component of high-density lipoprotein (HDL) in plasma. The 

encoded preproprotein is proteolytically processed to generate the 

mature protein, which promotes cholesterol efflux from tissues to 

the liver for excretion and is a cofactor for lecithin 

cholesterolacyltransferase (LCAT), an enzyme responsible for the 

formation of most plasma cholesteryl esters.  

BioGRID Protein 

Microarray 

Trem2-Fc fusion 

protein 

Yeh et al. (2016) 
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APOA2 This gene encodes apolipoprotein (apo-) A-II, which is the second 

most abundant protein of the high-density lipoprotein particles. The 

protein is found in plasma as a monomer, homodimer, or 

heterodimer with apolipoprotein D.  

BioGRID Protein 

Microarray 

Trem2-Fc fusion 

protein 

Yeh et al. (2016) 

APOB This gene product is the main apolipoprotein of chylomicrons and 

low-density lipoproteins (LDL) and is the ligand for the LDL 

receptor. It occurs in plasma as two main isoforms, apoB-48 and 

apoB-100: the former is synthesized exclusively in the gut and the 

latter in the liver.  

BioGRID Protein 

Microarray 

Trem2-Fc fusion 

protein 

Yeh et al. (2016) 

APOE The protein encoded by this gene is a major apoprotein of the 

chylomicron. It binds to a specific liver and peripheral cell receptor 

and is essential for the normal catabolism of triglyceride-rich 

lipoprotein constituents. This gene maps to chromosome 19 in a 

cluster with the related apolipoprotein C1 and C2 genes.  

BioGRID Protein 

Microarray 

Trem2-Fc fusion 

protein 

Yeh et al. (2016) 

ATP6V0A2 The protein encoded by this gene is a subunit of the vacuolar 

ATPase (v-ATPase), an heteromultimeric enzyme that is present in 

intracellular vesicles and in the plasma membrane of specialized 

cells, and which is essential for the acidification of diverse cellular 

components. V-ATPase is comprised of a membrane peripheral 

V(1) domain for ATP hydrolysis, and an integral membrane V(0) 

domain for proton translocation. The subunit encoded by this gene 

is a component of the V(0) domain. 

BioGRID Affinity Capture-

MS 

HEK293T 

HCT116 

Huttlin et al. (2021) 
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CLU The protein encoded by this gene is a secreted chaperone that can 

under some stress conditions also be found in the cell cytosol. It 

has been suggested to be involved in several basic biological 

events such as cell death, tumour progression, and 

neurodegenerative disorders. 

BioGRID Protein 

Microarray 

Trem2-Fc fusion 

protein 

Yeh et al. (2016) 

GH1 The protein encoded by this gene is a member of the 

somatotropin/prolactin family of hormones which play an important 

role in growth control. The gene, along with four other related 

genes, is located at the growth hormone locus on chromosome 17 

where they are interspersed in the same transcriptional orientation; 

an arrangement which is thought to have evolved by a series of 

gene duplications. 

BioGRID Protein 

Microarray 

Trem2-Fc fusion 

protein 

Yeh et al. (2016) 

NRN1L The protein encoded by this gene is extracellular and enhances 

both neurite growth and neuronal survival. The encoded protein is 

found both as a GPI anchored membrane-bound form and as a 

secreted form. This activity-related ligand functions as a homodimer 

or heterodimer. 

BioGRID Protein 

Microarray 

Trem2-Fc fusion 

protein 

Yeh et al. (2016) 

NUCB2 This gene encodes a protein with a suggested role in calcium level 

maintenance, eating regulation in the hypothalamus, and release of 

tumour necrosis factor from vascular endothelial cells. This protein 

binds calcium and has EF-folding domains. 

BioGRID Affinity Capture-

MS 

HEK293T 

HCT116 

Huttlin et al. (2021) 
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SCGB2A2 Protein Coding gene. Diseases associated with SCGB2A2 

include Breast Cancer and Mammary Analogue Secretory 

Carcinoma. 

BioGRID Protein 

Microarray 

Trem2-Fc fusion 

protein 

Yeh et al. (2016) 

UNC5B This gene encodes a member of the netrin family of receptors. This 

particular protein mediates the repulsive effect of netrin-1 and is a 

vascular netrin receptor. This encoded protein is also in a group of 

proteins called dependence receptors (DpRs) which are involved in 

pro- and anti-apoptotic processes. Many DpRs are involved in 

embryogenesis and in cancer progression. 

BioGRID Protein 

Microarray 

Trem2-Fc fusion 

protein 

Yeh et al. (2016) 

 

 

 

  

https://www.malacards.org/card/breast_cancer
https://www.malacards.org/card/mammary_analogue_secretory_carcinoma
https://www.malacards.org/card/mammary_analogue_secretory_carcinoma
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Supplementary table 3.2 Mass spectrometry data for Trem2-associated proteins. Peptide sequences of high-confidence interactors of 

Trem2 as determined by SAINTexpress. Peptide sequences identified by mass spectrometry are presented with each interactor with peptide 

count and percentage coverage values generated from each biological replicate. 

Protein Peptide Sequences MS Data 

Abhd12 GWGDSVGTPSER KRTEPVTLEHER Trem2 R1 

KLYNIAAPSR VQFIPFHSDLGYR Coverage: 10% 

VPYFIDLK SGDNPVYIWGHSLGTGVATNLVR Peptide Count: 4 

LIFLNFVR GMTYDALHVFDWIK   

ETPPDALILESPFTNIR   Trem2 R2 

    Coverage: 4% 

    Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 13% 

    Peptide Count: 4 

      

    Trem2 R4 

    Coverage: 12% 

    Peptide Count: 4 

      

    Trem2 R5 

    Coverage: 29% 
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    Peptide Count: 9 

Arfgap2 SSGLESSEAR ACFDCGAK Trem2 R1 

STELDSNWSWLQLR LGMGLVSR Coverage: 24% 

QLGSAALTR FACHSASLTVR Peptide Count: 12 

DNPFSLGETFGSR AGEVFIHK   

LREQQAADAK YKDNPFSLGETFGSR Trem2 R2 

SQLDLFDDVGTFASGPPK LQQLSGSSAISSSDLFGNMDGAHGGGTVSLGNVLPTADIAQFK Coverage: 7% 

LAYQELQIDR SLGVHLSFIR Peptide Count: 3 

AISSDMFFGR QAEESMVASMR   

EVDSEYEAR MAVLANGVMNSLQDR Trem2 R3 

KLQNLEGK TEIQTIFKR Coverage: 14% 

    Peptide Count: 7 

      

    Trem2 R4 

    Coverage: 22% 

    Peptide Count: 7 

      

    Trem2 R5 

    Coverage: 31% 

    Peptide Count: 12 

Atp2b1 QVVAVTGDGTNDGPALK YGDLLPADGILIQGNDLK Trem2 R1 

EANHDGDFGITLTELR GGQVIQIPVADITVGDIAQVK Coverage: 4% 

LAVQIGK VYTFNSVR Peptide Count: 4 
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MVTGDNINTAR EASDIILTDDNFTSIVK   

NEKGEIEQER GIIDSTVSEQR Trem2 R2 

TSPNEGLSGNPADLER   Coverage: 2% 

    Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 3% 

    Peptide Count: 2 

      

    Trem2 R4 

    Coverage: 8% 

    Peptide Count: 7 

      

    Trem2 R5 

    Coverage: 5% 

    Peptide Count: 4 

Bsg SGEYSCIFLPEPVGR YIVDADDR Trem2 R1 

SEHSSEGELAK RKPDQTLDEDDPGAAPLK Coverage: 16% 

ETISLR YVVVSTPEK Peptide Count: 6 

SEINVEGPPR KSEHSSEGELAK   

VLQEDTLPDLHTK   Trem2 R2 

    Coverage: 7% 

    Peptide Count: 3 
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    Trem2 R3 

    Coverage: 21% 

    Peptide Count: 8 

      

    Trem2 R4 

    Coverage: 19% 

    Peptide Count: 6 

      

    Trem2 R5 

    Coverage: 11% 

    Peptide Count: 4 

Ccdc47 ELLESNFTLVGDDGTNK ELLESNFTLVGDDGTNKEATSTGK Trem2 R1 

QDLLNVLAR LAQAWFNSHR Coverage: 6% 

RQDLLNVLAR MMRPVSDQVQIK Peptide Count: 3 

RLEEAALR LNQENEHIYNLWCSGR   

IMNEEDPEKQR VCCEGMLIQLR Trem2 R2 

VTMNDEDMDTYVFAVGTR IMQEEGQPLKLPDTK Coverage: 4% 

TLLFTFNVPGSGNTYPK   Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 9% 

    Peptide Count: 11 
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    Trem2 R4 

    Coverage: 22% 

    Peptide Count: 9 

      

    Trem2 R5 

    Coverage: 25% 

    Peptide Count: 10 

Cpd GFVLDATDGR DLDTDFTSNASQPETK Trem2 R1 

TSDDEVFR ESLITLIEK Coverage: 4% 

TTGLYSK IFGLPR Peptide Count: 6 

AGDYWR GHSTSTDDTSDPTSKEFEALIK   

NPVVTQLVDR PLWVLR Trem2 R2 

IVIVPSLNPDGR SLLSMLVEVHK Coverage: 2% 

AVIVLNEGIK EFEALIK Peptide Count: 2 

QHHDEYEDEIR AYPFVLSANLHGGSLVVNYPYDDNEQGVATYSK   

NFGTDPEVTDLVR LFSIGSSVEGRPLWVLR Trem2 R3 

QVLVYLAR LFSIGSSVEGR Coverage: 14% 

LRQHHDEYEDEIR LLVPGTYK Peptide Count: 15 

LTAGLGPPPTAAAGLDAAGPLLPGRPQVK LVGNMHGDETVSR   

YIGNMHGNEVVGR ELYVMEISDNPGVHEPGEPEFK Trem2 R4 

SPDDAVFQQIALSYSK ALIDWIR Coverage: 16% 

SQEGDSISVVGR   Peptide Count: 19 
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    Trem2 R5 

    Coverage: 14% 

    Peptide Count: 15 

Emd SSLGLSYYPTSSTSSVSSSSSSPSSWLTR LPFPIIDDK Trem2 R1 

QPGTSLVDADTFHHQVR IDVSVEAASGGK Coverage: 46% 

QAPAAALGQDR ADGSTQVIDTK Peptide Count: 7 

QYNIPHGPIVGSTR DYNDDYYEESYLTTK   

KEDALLYQSK LLPPNSSSSSFSYQFSDLDSAAVDSDMYDLPK Trem2 R2 

DDIFSSLEEEGKDRER KIFEYETQR Coverage: 22% 

LIYGQDSAYQSIAHYRPISNVSR KLYEKK Peptide Count: 4 

PGGLLLGDEAPNFEANTTIGR DDIFSSLEEEGKDR   

LPFPIIDDKGR IFEYETQR Trem2 R3 

VVDSLQLTGTKPVATPVDWK TYGEPESVGMSK Coverage: 53% 

    Peptide Count: 9 

      

    Trem2 R4 

    Coverage: 61% 

    Peptide Count: 10 

      

    Trem2 R5 

    Coverage: 57% 

    Peptide Count: 9 
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Esyt1 ALTLGALTLPLAR VLQAGVLDNWYPLQGGQGQVHLR Trem2 R1 

VGTQTFCSR VELGEKPLR Coverage: 9% 

IHVLEAQDLIAK TVSQSSAPVWEESASFLIR Peptide Count: 7 

GANPHLQTFTFTR FEWDLPLDGTLR   

ILYLDYSEIR DLPDPYVSVLLLPDKNR Trem2 R2 

MEHSPEEGASPEPSGQPPATDSTR AQDLPLKK Coverage: 4% 

ATYSTNSPVWEEAFR KPHAESLELQVR Peptide Count: 5 

ERELLGK LTPRPTAAELEEVLQVNSLIQTQK   

FLGGLVK   Trem2 R3 

LLAETVAPAVR   Coverage: 8% 

KLDVSVK   Peptide Count: 8 

      

    Trem2 R4 

    Coverage: 18% 

    Peptide Count: 16 

      

    Trem2 R5 

    Coverage: 10% 

    Peptide Count: 7 

      

Esyt2 ALALLEDEEQAVR VIKENLSPK Trem2 R1 

VDVGQQPLR VYTENVDKR Coverage: 5% 

VGNQIFQSK TLDVAVK Peptide Count: 4 
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FQLSNSGPNSTLK SSSSLLASPSHIAAK   

NSGGFLSK SSAGGEGPEAGPGR Trem2 R2 

NLIAFSEDGSDPYVR TSEPVWEENFTFFIHNPR Coverage: 3% 

QLENGTTLGQSPLGQIQLTIR EPTPSIASDISLPIATQELR Peptide Count: 2 

IPLSQLLTSDNMTINQR IHFIEAQDLQGK   

ITVPLVSEVQIAQLR GWTQWYDLTEDGTRPQVIT Trem2 R3 

VLVVLASEELAK KINSNPNPLVQMSVGHK Coverage: 14% 

    Peptide Count: 10 

      

    Trem2 R4 

    Coverage: 24% 

    Peptide Count: 14 

      

    Trem2 R5 

    Coverage: 7% 

    Peptide Count: 4 

Fcho2 ERPGLIEFEECDPASAVEGIKPR LSEQNPAASYYNVDVLK Trem2 R1 

ATIEEAYSR ITGDVTISFPSGIIK Coverage: 4% 

TKEEVAGTLEAVQAIQNITQALQK VFTSNPSPAVLCFR Peptide Count: 2 

ELADFVR EIHLQIGQVHEEFINNMANTTIESLIQK   

SKPSSLPTEK TFALPGIIK Trem2 R2 

SASNYSQLGTFAPMWDVFK FQDIEETHLIHIK Coverage: 4% 

LSGINEIPRPFSPPVTSNTSPPPTAPLAR   Peptide Count: 2 
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    Trem2 R3 

    Coverage: 4% 

    Peptide Count: 2 

      

    Trem2 R4 

    Coverage: 20% 

    Peptide Count: 9 

      

    Trem2 R5 

    Coverage: 11% 

    Peptide Count: 6 

Flrt2 QHLSLVNLEPR LEELHLDDNSISTVGVEDGAFR Trem2 R1 

LDISNNQLR LLFLSK Coverage: 9% 

AALAQLLK GIAEGTFSHLTK Peptide Count: 5 

VLHLQENNIQTISR LKEFSIVR   

NSLSHPPPDLPGTHLIR LYLQDNQINHIPLTAFANLR Trem2 R2 

NHLSSVPVGLPVDLQELR YCNSSVPDLEHCHT Coverage: 17% 

LIVDGNLLTNK LLFISK Peptide Count: 9 

ICLVPLDAFNYR GFMCQGPEQVR   

    Trem2 R3 

    Coverage: 14% 

    Peptide Count: 8 
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    Trem2 R4 

    Coverage: 27% 

    Peptide Count: 13 

      

    Trem2 R5 

    Coverage: 23% 

    Peptide Count: 12 

Golga5 EGSSLQNQALQTLQER TSKQELETELER Trem2 R1 

TVGDATHPTEHASAPR MEVDRQNLAEAVTLAER Coverage: 38% 

LEQQVHSASSGPNSGSAINMSGVDSGEGTR AEDLLNR Peptide Count: 25 

EMQKEEIQK LQEADQVLSSR   

QNLAEAVTLAER TLSNSSQSELESR Trem2 R2 

SELQDMEAQQVSEAESAR LHQLTETLIQK Coverage: 24% 

ANYISSAADNIR LGIFLR Peptide Count: 15 

KAASSIDQFSIR NVPVLFNDTETNLAGMYGK   

SKETQEELNK TEALEALR Trem2 R3 

KKVDELQQQVK SQELSNLR Coverage: 32% 

LHEADATLKR DSQLAVLK Peptide Count: 19 

AQVDDLTEAVAAK ENTSNIFYSK   

QELETELER APVSPSSPSGVSSVNTSVTTTK Trem2 R4 

VDQGAATALR GRAPVSPSSPSGVSSVNTSVTTTK Coverage: 42% 

EQLQDLQDQIAK QTMLESLSTEK Peptide Count: 26 
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PSSQFVR NEVQSLNQEMASLLQR   

NTDYPELQQQNTDSNYQTGQK AEDLLNRVDQGAATALR Trem2 R5 

ATILAGTANVK ASLESAKQELVDYK Coverage: 48% 

SWFADLAGR LMGQMHQLR Peptide Count: 30 

LENQLLR NSLVFQLER   

AASSIDQFSIR YMEEDLHR   

QMQSEFAAR     

Gosr1 AAGTSNYWEDLRK ANFTAIR Trem2 R1 

LIEETISIAMATK QLENELDLK Coverage: 24% 

YSSDTTPLLNGSSQDR MFETMAIEIEQLLAR Peptide Count: 5 

KDIESYK MAEYTHSAGVPSLNAALMHTLQR   

LCTSYSHSGSR   Trem2 R2 

    Coverage: 12% 

    Peptide Count: 3  

      

    Trem2 R3 

    Coverage: 18% 

    Peptide Count: 4 

      

    Trem2 R4 

    Coverage: 15% 

    Peptide Count: 3 
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    Trem2 R5 

    Coverage: 43% 

    Peptide Count: 8 

H2-K1 GYQQYAYDGCDYIALNEDLK YMEVGYVDDTEFVRFDSDAENPR Trem2 R1 

AYLEGTCVEWLR YFVTAVSRPGLGEPR Coverage: 42% 

TWTAADMAALITK WASVVVPLGK Peptide Count: 13 

YMEVGYVDDTEFVR PGLGEPR   

AKGNEQSFR WEQAGEAER Trem2 R2 

AHVTHHSRPEDK FDSDAENPR Coverage: 28% 

GGSHTIQVISGCEVGSDGR YFVTAVSR Peptide Count: 9 

WMEQEGPEYWER FDSDAENPRYEPR   

HKWEQAGEAER EQYYTCHVYHQGLPEPLTLR Trem2 R3 

GNEQSFR ARWMEQEGPEYWER Coverage: 46% 

    Peptide Count: 15 

      

    Trem2 R4 

    Coverage: 46% 

    Peptide Count: 16 

      

    Trem2 R5 

    Coverage: 39% 

    Peptide Count: 10 

Igf2r SEGGSGGNWYAMENSR PLNPVPGCDR Trem2 R1 
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TYSIGVCTAAAGLGQEGCK HDLNPLIK Coverage: 20% 

LSSDVCSAHDGSK VSLCNNK Peptide Count: 41 

DGQENGHITTK EKEDLLCGAINGK   

LTYYDGMIQLSYR DGPQWTDGVTVLQYVDGDLCPDKIR Trem2 R2 

YSDNWEAVTR PAYGCEAETQIEDIK Coverage: 11% 

FTCSDNQVNSR YFFINVCHR Peptide Count: 22 

KVGTSDMTK YSDGDLTLIYSGGDECSSGFQR   

KPWTAVDTSAYGK TTQKPVFLK Trem2 R3 

IQTSITFLCGK EYTFFINVCGDTK Coverage: 21% 

VPVDGPPIDIGR ADKEVPCYAFDDK Peptide Count: 37 

SATGQVQVLGLVHTQK ATLITFLCDR   

LGKDGQENGHITTK VRDGPQWTDGVTVLQYVDGDLCPDK Trem2 R4 

SSGVSYK VSKEEETDENETEWLMEEIQVPAPR Coverage: 25% 

SVGDSLLR YENHEGSLAETVSISNLGVAK Peptide Count: 41 

LTFENGLLK STTIYFYCDR   

TLGTPEFVTATDCVHYFEWR TASSVIELTCAK Trem2 R5 

ETSDCSYMFEWR VAGLLSQK Coverage: 28% 

YDLSVLAR TGATEHYLINVCK Peptide Count: 48 

GNQAFDVGRPK DYLQSESCSLSSEQHDITIDLSPLAQYGGSPYVSDGR   

HSESEQNWEAVDGSQAESEK YYVQDGDLDVVFTSSSK   

FICNDDIYPGAPK LEVIDETVIVTYSK   

GCEVTFEWK LASMQLDYR   

SFSLGEIYFK GAEVESSQPLRNPQR   
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EAAVCQEK SDGCFYEFEWHTAAACVLSK   

LFSASGDMR NCPEDAAVCAVDK   

VCPAGTAACLLK SNTHDDCQVTNPSTGHLFDLSSLSGR   

YASACQMK TYSIGVCTAAAGLGQEGCKDGGVCLLSGNK   

VYKGPLDCSER LNGGYLVDDSDPDTSLFINVCR   

YEVEWITEYACHR GEPVFTGEVDCTYFFTWDTK   

GTAFIIR NCPEDAAVCAVDKNGSK   

LSYKDQVLQLVYENGSPCPSLSDLR MSAIIFTCDESEDIGRPQVFSEDR   

AEALSSLHGDDQDSEDEVLTVPEVK SVSSTIFFHCDPLVK   

SYDECVLEGR SLQLSAEGFLTLTYK   

FLHQDIDSTR DIDSLRDPSTQLR   

LVLTYVK     

Itgb1 LLVFSTDAGFHFAGDGK TLVLSNLSYSATK Trem2 R1 

SAVTTVVNPK SEADAEKNLEEK Coverage: 11% 

GCQPSDIENPR SVSLYYTGEK Peptide Count: 8 

GEFFNELVGQQR ITSDFR   

IGFGSFVEK TVMPYISTTPAK Trem2 R2 

DNTNEIYSGK NVLSLTDRGEFFNELVGQQR Coverage: 3% 

FCECDNFNCDR LRPEDITQIQPQQLLLK Peptide Count: 2 

SLGTDLMNEMR EKLPQPVQVDPVTHCK   

ETLEEVFEK FQGPTCETCQTCLGVCAEHK Trem2 R3 

FGYVDFESAEDLEK LPDGVTINYK Coverage: 9% 

GIAYIEFK KGCQPSDIENPR Peptide Count: 7 
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    Trem2 R4 

    Coverage: 20% 

    Peptide Count: 14 

      

    Trem2 R5 

    Coverage: 8% 

    Peptide Count: 6 

Itgb2 VTYDSFCSNGASSIGK SAVGELSDDSSNVVQLIK Trem2 R1 

VMASECIQEQSFVIR LTEIIPK Coverage: 23% 

SSQELER LTDNSNQFQTEVGK Peptide Count: 14 

SIANPEFDQR STTGCLNAR   

LGAILTPNDGR SRGDCDGVQINNPVTFQVK Trem2 R2 

YNSQVCGGSDR DSEGCWITYTLQQK Coverage: 15% 

LSESNIQPIFAVTK IGFGSFVDK Peptide Count: 9 

LVECSGR GVMECGICR   

SNEFDYPSVGQLAHK NIYNIHVEDSLECVK Trem2 R3 

GDCDGVQINNPVTFQVK SQWNNDNPLFK Coverage: 22% 

LGGDLLQALNEITESGR IGFGSFVDKTVLPFVNTHPEK Peptide Count: 13 

VFLDHSTLPDTLK LLVFATDDGFHFAGDGK   

TVLPFVNTHPEK KLGGDLLQALNEITESGR Trem2 R4 

GCPADDIMDPR   Coverage: 30% 

    Peptide Count: 18 
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    Trem2 R5 

    Coverage: 24% 

    Peptide Count: 13 

Lgals3 VAVNDAHLLQYNHR VIVCNTK Trem2 R1 

GNDVAFHFNPR QDNNWGKEER Coverage: 19% 

IQVLVEADHFK RVIVCNTK Peptide Count: 6 

IVLDFR QSAFPFESGKPFK   

RGNDVAFHFNPR   Trem2 R2 

    Coverage: 19% 

    Peptide Count: 6 

      

    Trem2 R3 

    Coverage: 28% 

    Peptide Count: 8 

      

    Trem2 R4 

    Coverage: 16% 

    Peptide Count: 5 

      

    Trem2 R5 

    Coverage: 21% 

    Peptide Count: 5 
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Lilrb4 FNIPSMTTSYAGIYK NEPQVWSKPSNSLDLMISETK Trem2 R1 

ETQDVTYAQLCIR SVNPWDTQVPLETR Coverage: 21% 

PSNSLDLMISETK DQSSTPTEDGLETYQK Peptide Count: 6 

FILIQEGK DTACKETQDVTYAQLCIR   

    Trem2 R2 

    Coverage: 7% 

    Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 18% 

    Peptide Count: 5 

      

    Trem2 R4 

    Coverage: 20% 

    Peptide Count: 6 

      

    Trem2 R5 

    Coverage: 22% 

    Peptide Count: 5 

Niban2 DILQAVK TDMDQIITSK Trem2 R1 

FDVSSTSVFK EQMDNAVYTFETLLHQELGK Coverage: 4% 

HEIEGTGPPQAQLLWR EALLQITIPFLLKK Peptide Count: 3 
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VEGPAFTDAIR FILVENTYEEVVLQTVMK   

KYDYDSSSVR FYEDQYGVSLFNSMR Trem2 R2 

GPTKEELCK EVTDMNLNVINEGGIDK Coverage: 5% 

NHVQPYIPSILEALMVPTSQGFTEVR AVINSAGYK Peptide Count: 4 

FQELIFEDFAR IIFSGNLFQYQEDNKK   

LSQLAYHPLK   Trem2 R3 

    Coverage: 5% 

    Peptide Count: 2 

      

    Trem2 R4 

    Coverage: 23% 

    Peptide Count: 13 

      

    Trem2 R5 

    Coverage: 7% 

    Peptide Count: 4 

Pdxdc1 YEHANDDDTSLK HACHLSQR Trem2 R1 

EEFKQEVEGTAGLLYVDDPNWPGIGVVR LQESLK Coverage: 40% 

GEDVDQLITCIQSK LPLLLVANAGTAAVGHTDK Peptide Count: 26 

SFNLTAGSLESTEYTYVHK YENGCAYFHEEER   

KLNELESDLTFK ERHSCDALNR Trem2 R2 

ILVEDELSSPVVVFR LIKDDVER Coverage: 23% 

LNELESDLTFK GIQEAQVQLQK Peptide Count: 17 
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IADPTLAEMGK QEVEGTAGLLYVDDPNWPGIGVVR   

KGIQEAQVQLQK QLVPQCGLTVIDLEVDGTCVR Trem2 R3 

LLENMTEVVR LLEEGVLR Coverage: 38% 

ILSDTTLWLR IKHACHLSQR Peptide Count: 28 

FSPLMTAEGLGTR IHTGLLKK   

HDDPALTLVAGLTSNKPADK IHTGLLK Trem2 R4 

HSCDALNR QTEALQNQAQHQEDDHSQVEELER Coverage: 56% 

LPGQKPFKR IQNIGEQGHMALLGHSLGAYISTLDKEK Peptide Count: 35 

VQGTGVTPPPTPLGTR VEQLSSGLEHDNLEAHSPEQPPR   

QRLPGQKPFK LLENMTEVVRK Trem2 R5 

KPVIYLSAAAR GSDAVSETSSVSHIEDLEK Coverage: 51% 

FFQELPASDSAFK LPLLLVANAGTAAVGHTDKIGR Peptide Count: 35 

LPVLTCTLQLR LPGQKPFK   

YEHANDDDTSLKSDPEGEK YEDFVVDGFNVLYNKKPVIYLSAAAR   

YEDFVVDGFNVLYNK GSDAVSETSSVSHIEDLEKVEQLSSGLEHDNLEAHSPEQPPR   

GRLPLLLVANAGTAAVGHTDK GRLPLLLVANAGTAAVGHTDKIGR   

AVPVSNIAPAAVGR HDDPALTLVAGLTSNKPADKLR   

LQESLKK     

Pgrmc2 LSTLGSGGESGGDGSPGGAGATAAR AAGDGDVK Trem2 R1 

GLCSGPGAGEESPAATLPR EKYDYVGR Coverage: 64% 

DALRDEYDDLSDLNAVQMESVR GLATFCLDKDALR Peptide Count: 16 

RGLCSGPGAGEESPAATLPR YDYVGR   

DEYDDLSDLNAVQMESVR DFSLEQLR Trem2 R2 
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LLKPGEEPSEYTDEEDTK RDFSLEQLR Coverage: 46% 

ILLAVNGK LLKPGEEPSEYTDEEDTKDHSK Peptide Count: 7 

GLATFCLDKDALRDEYDDLSDLNAVQMESVR ILLAVNGKVFDVTK   

EWEMQFK GLATFCLDK Trem2 R3 

QYDGAR   Coverage: 47% 

    Peptide Count: 9 

      

    Trem2 R4 

    Coverage: 62% 

    Peptide Count: 12 

      

    Trem2 R5 

    Coverage: 59% 

    Peptide Count: 14 

Plpp3 NGGSPALNNNPR TSLSLPAPAIR Trem2 R1 

STTQNPYVAALYK EILSPVDIIDR Coverage: 19% 

MQSYKYDK AIVPESKNGGSPALNNNPR Peptide Count: 5 

GFYCNDESIKYPLK     

    Trem2 R2 

    Coverage: 11% 

    Peptide Count: 3 

      

    Trem2 R3 
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    Coverage: 12% 

    Peptide Count: 3 

      

    Trem2 R4 

    Coverage: 10% 

    Peptide Count: 2 

      

    Trem2 R5 

    Coverage: 7% 

    Peptide Count: 2 

Rab32 AGEGLGQQGASATAAPETR ATIGVDFALK Trem2 R1 

LQLWDIAGQER VHLPNGSPIPAVLLANK Coverage: 18% 

DNINIDEATR EALGAFVVFDISR Peptide Count: 3 

VLVIGELGVGK SSTFDAVLK   

FLVENMLANQQSFPSEEIDLDR   Trem2 R2 

    Coverage: 13% 

    Peptide Count: 12 

      

    Trem2 R3 

    Coverage: 28% 

    Peptide Count: 4 

      

    Trem2 R4 
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    Coverage: 36% 

    Peptide Count: 6 

      

    Trem2 R5 

    Coverage: 40% 

    Peptide Count: 7 

Rab6a SAGGDFGNPLRK SLIPSYIR Trem2 R1 

SAGGDFGNPLR IQIWDTAGQER Coverage: 32% 

GSDVIIMLVGNK LVFLGEQSVGK Peptide Count: 7 

VAAALPGMESTQDR TDLADKR   

QVSIEEGER DSTVAVVVYDITNVNSFQQTTK Trem2 R2 

    Coverage: 16% 

    Peptide Count: 3 

      

    Trem2 R3 

    Coverage: 20% 

    Peptide Count: 4 

      

    Trem2 R4 

    Coverage: 41% 

    Peptide Count: 7 

      

    Trem2 R5 



Appendices 

 

[302] 
 

    Coverage: 27% 

    Peptide Count: 4 

Sirpa VVLNSMDVNSK GSSEPDTEIQSGGGTEVYVLAK Trem2 R1 

LLIYSFAGEYVPR NNMDFSIR Coverage: 31% 

AQPAPKPEPSFSEYASVQVQR ISNVTPADAGIYYCVK Peptide Count: 13 

VPRPEDTLTYADLDMVHLSR SHGFSPR   

VICEVAHITLDR HDQQPAITR Trem2 R2 

GSSEPDTEIQSGGGTEVYVLAKPSPPEVSGPADR DGQELHPLETTVNPSGK Coverage: 14% 

EDVVFTCQVK APEPNNHTEYASIETGK Peptide Count: 6 

PSPPEVSGPADR GIANLSNFIR   

    Trem2 R3 

    Coverage: 29% 

    Peptide Count: 11 

      

    Trem2 R4 

    Coverage: 30% 

    Peptide Count: 10 

      

    Trem2 R5 

    Coverage: 21% 

    Peptide Count: 7 

Slc38a1 SLMGEEDAFSAWYVDGR SLTNSHLEK Trem2 R1 

LGEQVFGTTGK YVTFNSK Coverage: 16% 
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ETGCMVYEK NELPSAIK Peptide Count: 9 

RSLTNSHLEK VQSDLLHK   

SSLFELAK SLTNSHLEKR Trem2 R2 

    Coverage: 9% 

    Peptide Count: 6 

      

    Trem2 R3 

    Coverage: 14% 

    Peptide Count: 8 

      

    Trem2 R4 

    Coverage: 11% 

    Peptide Count: 5 

      

    Trem2 R5 

    Coverage: 9% 

    Peptide Count: 5 

Slc38a2 TANEGGSLLYEQLGHK YELPLVIK Trem2 R1 

SHYADVDPENQNFLLESNLGK FNISPDEDSSSYSSNSDFNYSYPTK Coverage: 16% 

SSVTHLLCPTK EFSWLR Peptide Count: 5 

      

    Trem2 R2 

    Coverage: 10% 



Appendices 

 

[304] 
 

    Peptide Count: 3 

      

    Trem2 R3 

    Coverage: 13% 

    Peptide Count: 4 

      

    Trem2 R4 

    Coverage: 16% 

    Peptide Count: 5 

      

    Trem2 R5 

    Coverage: 16% 

    Peptide Count: 5 

Slc3a2 EALSSWLQDGVDGFQFR TESLVTR Trem2 R1 

QINPTLGSQEDFKDLLQSAK NLSEDR Coverage: 45% 

GQNEDPGSLLTQFR VAGSPGWVR Peptide Count: 23 

IGDLQAFVGR QPMNAADGAAAGEK   

VAEDETEAGVK MKEALSSWLQDGVDGFQFR Trem2 R2 

SHLEYLSTLK HWDQNER Coverage: 29% 

DAGGIAGLK NQKDEINETDLK Peptide Count: 15 

LLLSTDSAR SQDTEVDMKDVELNELEPEKQPMNAADGAAAGEK   

IKVAEDETEAGVK DVELNELEPEKQPMNAADGAAAGEK Trem2 R3 

LGASNLPAGISLPASAK GLVLGPIHK Coverage: 43% 
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YLVVLNFR VKGLVLGPIHK Peptide Count: 18 

FTGLSKEELLK DEINETDLK   

SQDTEVDMK DVELNELEPEK Trem2 R4 

SLLHGDFHALSSSPDLFSYIR LGASNLPAGISLPASAKLLLSTDSAR Coverage: 44% 

    Peptide Count: 21 

      

    Trem2 R5 

    Coverage: 37% 

    Peptide Count: 14 

Slc6a8 VAESGPGLAFIAYPR RSPVIEFWENK Trem2 R1 

SAENGIYSVSGDEK KGPLIVSGPDGAPAKGDGPAGLGAPGGR Coverage: 11% 

GDGPAGLGAPGGR SPVIEFWENK Peptide Count: 8 

GPLIVSGPDGAPAKGDGPAGLGAPGGR AGSINVWNICPLFK   

GPLIVSGPDGAPAK KGPLIVSGPDGAPAK Trem2 R2 

KSAENGIYSVSGDEK   Coverage: 10% 

    Peptide Count: 5 

      

    Trem2 R3 

    Coverage: 13% 

    Peptide Count: 6 

      

    Trem2 R4 

    Coverage: 11% 
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    Peptide Count: 7 

      

    Trem2 R5 

    Coverage: 8% 

    Peptide Count: 4 

Slc7a5 AVATPAAAAAEEER LFFVGSR Trem2 R1 

DMGQGDASNLQQK RGDGADPEGEGVTLQR Coverage: 12% 

RAVATPAAAAAEEER GDGADPEGEGVTLQR Peptide Count: 6 

VQDAFAAAK KPELERPIK   

    Trem2 R2 

    Coverage: 6% 

    Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 4% 

    Peptide Count: 2 

      

    Trem2 R4 

    Coverage: 13% 

    Peptide Count: 8 

      

    Trem2 R5 

    Coverage: 7% 
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    Peptide Count: 4 

Snap29 LQDAELDSVPKEPSSTVNTEVYPK VDKLDVNIK Trem2 R1 

IDSNLDELSVGLGHLK DLPDGPDAPIDR Coverage: 41% 

LKEAINTSK RLQDAELDSVPKEPSSTVNTEVYPK Peptide Count: 9 

EPSSTVNTEVYPK RAEATAASTSR   

SVFGGFINYFK LQDAELDSVPK Trem2 R2 

IGVASSEELVR MVDKMDQDLK Coverage: 14% 

SLSLMYESEK SKPVEPPPEQNGSIVSQPNSR Peptide Count: 3 

LKEAINTSKDQENK DIALGMQTEIEEQDDILDR   

SYNPFDDDVEEEDTRPAPWK DQENKYQASHPNLR Trem2 R3 

YQASHPNLR   Coverage: 38% 

    Peptide Count: 7 

      

    Trem2 R4 

    Coverage: 57% 

    Peptide Count: 14 

      

    Trem2 R5 

    Coverage: 60% 

    Peptide Count: 13 

Stam AVYDFEAAEDNELTFK NLKEQGVTFPAIGSQAAEQAK Trem2 R1 

VMEALSLYTK AGEIITVLDDSDPNWWK Coverage: 18% 

DFASEVSNVLNK QQSAPVSTLYPSTSNLLTNHQHEGR Peptide Count: 7 
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PLFATNPFDQDVEK EQGVTFPAIGSQAAEQAK   

GETHQGVGLFPSNFVTADLTAEPEMIK AIELSLK Trem2 R2 

HSELSELNVK KHSELSELNVK Coverage: 4% 

IFHLEVCSR DPGTVATKKEEEDLAK Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 14% 

    Peptide Count: 5 

      

    Trem2 R4 

    Coverage: 26% 

    Peptide Count: 11 

      

    Trem2 R5 

    Coverage: 30% 

    Peptide Count: 12 

Stx4 LGSPDDEFFQK QALNEISAR Trem2 R1 

VALVVHSGAAR QGLQNLR Coverage: 16% 

TQHGVLSQQFVELINK QQVTILATPLPEESMK Peptide Count: 4 

HSEIQQLER ITNAGMVSDEELEQMLDSGQSEVFVSNILK   

AIEPQKEEADENYNSVNTR   Trem2 R2 

    Coverage: 10% 

    Peptide Count: 2 
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    Trem2 R3 

    Coverage: 22% 

    Peptide Count: 5 

      

    Trem2 R4 

    Coverage: 22% 

    Peptide Count: 5 

      

    Trem2 R5 

    Coverage: 28% 

    Peptide Count: 5 

Stx5 QIAQLQDFVR SVLEVR Trem2 R1 

TSQQLQLIDEQDSYIQSR IDENVLGAQLDVEAAHSEILK Coverage: 22% 

APVSALPLAPNNLGGGPIILGAESR AVEIEELTYIIK Peptide Count: 5 

EQEETIQR QNGIQTSKPALHAAR   

HLQTHSNTIVVSLQSK LASMSNDFK Trem2 R2 

QIAQLQDFVR   Coverage: 10% 

    Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 27% 

    Peptide Count: 6 
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    Trem2 R4 

    Coverage: 26% 

    Peptide Count: 6 

      

    Trem2 R5 

    Coverage: 35% 

    Peptide Count: 8 

Tfrc LNSIEFADTIK QLSQNTYTPR Trem2 R1 

SAFSNLFGGEPLSYTR LYWADLK Coverage: 10% 

LAETEETDKSETMETEDVPTSSR LVHANFGTK Peptide Count: 5 

LAADEEENADNNMK VVLGTSNFK   

ILNIFGVIK AGEITFAEK Trem2 R2 

VPQLNQMVR VSASPLLYTLMGK Coverage: 13% 

VEYHFLSPYVSPR SSVGTGLLLK Peptide Count: 8 

TAAEVAGQLIIK DMGLSLQWLYSAR   

AFTYINLDK EAGSQKDESLAYYIENQFHEFK Trem2 R3 

LDTYEALTQK LAQVFSDMISK Coverage: 15% 

    Peptide Count: 10 

      

    Trem2 R4 

    Coverage: 25% 

    Peptide Count: 16 
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    Trem2 R5 

    Coverage: 14% 

    Peptide Count: 8 

Tgoln1 ISPDTETSKTDK DADSGDSQNPPNQPSK Trem2 R1 

ISPDTETSK IIAFALEGKR Coverage: 8% 

VDLDKPTSK KIIAFALEGK Peptide Count: 4 

IIAFALEGK PLSPVNPK   

NEKDDLYK TAATDHSLGDSR Trem2 R2 

    Coverage: 5% 

    Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 12% 

    Peptide Count: 6 

      

    Trem2 R4 

    Coverage: 17% 

    Peptide Count: 6 

      

    Trem2 R5 

    Coverage: 15% 

    Peptide Count: 6 
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Tmem199 ASSLLAGER ALGPGGELEREQLPR Trem2 R1 

NVTCQDAQCGGTLSDLGK AQLEAALGKK Coverage: 38% 

LYLHELLEGSDIYFPEIVKPPR LRAQLEAALGKK Peptide Count: 7 

NPELVAR LYLHELLEGSDIYFPEIVKPPRNPELVAR   

ALGPGGELER AMEGELGEL Trem2 R2 

AQLEAALGK HAGSDNATGPR Coverage: 37% 

    Peptide Count: 7 

      

    Trem2 R3 

    Coverage: 28% 

    Peptide Count: 5 

      

    Trem2 R4 

    Coverage: 37% 

    Peptide Count: 7 

      

    Trem2 R5 

    Coverage: 50% 

    Peptide Count: 11 

Trem2 NLQAGDAGLYQCQSLR QKPGTPVVR Trem2 R1 

FLAASILWAVAR VLVEVLEDPLDDQDAGDLWVPEESSSFEGAQVEHSTSR Coverage: 24% 

QLGEEGPCQR VVSTHGVWLLAFLKK Peptide Count: 5 

EAEVLQK VVSTHGVWLLAFLK   
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VSCTYDALK   Trem2 R2 

    Coverage: 25% 

    Peptide Count: 5 

      

    Trem2 R3 

    Coverage: 19% 

    Peptide Count: 4 

      

    Trem2 R4 

    Coverage: 36% 

    Peptide Count: 5 

      

    Trem2 R5 

    Coverage: 43% 

    Peptide Count: 7 

Ube2j1 GEGAIGSLDYTPEER IVLPPEYPMKPPSIILLTANGR Trem2 R1 

TALLAIIGFMPTK TALLAIIGFMPTKGEGAIGSLDYTPEER Coverage: 27% 

GPPDSDFDGGVYHGR SQDFCCEGCGSAMK Peptide Count: 6 

RPSTSPDVLQGQPPR EAAELKDPTDHYHAQPLEDNLFEWHFTVR   

DVLLPLK   Trem2 R2 

    Coverage: 12% 

    Peptide Count: 3 
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    Trem2 R3 

    Coverage: 12% 

    Peptide Count: 3 

      

    Trem2 R4 

    Coverage: 27% 

    Peptide Count: 7 

      

    Trem2 R5 

    Coverage: 41% 

    Peptide Count: 9 

Vamp3 LQQTQNQVDEVVDIMR LSELDDRADALQAGASQFETSAAK Trem2 R1 

STGVPSGSSAATGSNR LSELDDR Coverage: 55% 

RLQQTQNQVDEVVDIMR STGVPSGSSAATGSNRR Peptide Count: 6 

ADALQAGASQFETSAAK     

    Trem2 R2 

    Coverage: 39% 

    Peptide Count: 4 

      

    Trem2 R3 

    Coverage: 40% 

    Peptide Count: 5 
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    Trem2 R4 

    Coverage: 55% 

    Peptide Count: 6 

      

    Trem2 R5 

    Coverage: 55% 

    Peptide Count: 5 

Vapa KVAHSDKPGSTSAVSFR VAHSDKPGSTSAVSFR Trem2 R1 

KLMEECKR GPFTDVVTTNLK Coverage: 40% 

ASASGAMAK PHSVSLNDTETR Peptide Count: 10 

HEQILVLDPPSDLK VKTTAPR   

EAKPDELMDSK FMVQTIFAPPNISDMEAVWK Trem2 R2 

HLRDEGLR AVPLNASK Coverage: 16% 

FKGPFTDVVTTNLK CVFEMPNENDKLNDMEPSK Peptide Count: 4 

QDGPLPKPHSVSLNDTETR YCVRPNSGIIDPGSIVTVSVMLQPFDYDPNEK   

    Trem2 R3 

    Coverage: 55% 

    Peptide Count: 13 

      

    Trem2 R4 

    Coverage: 30% 

    Peptide Count: 8 
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    Trem2 R5 

    Coverage: 62% 

    Peptide Count: 12 

Ykt6 SDSLAGVVIADSEYPSR LDDLVSK Trem2 R1 

IDWPVGSPATIQYTGLDDHLSK MKLYSLSVLYK Coverage: 63% 

AAYDVSSFSFFQR EQEYLCHVYVR Peptide Count: 11 

GEKLDDLVSK QVDRIDWPVGSPATIQYTGLDDHLSK   

VAFTLLEK LYSLSVLYK Trem2 R2 

EADPMSK LYSLSVLYKGDPK Coverage: 57% 

VLDEFSK VQAELDETK Peptide Count: 10 

ASVKEQEYLCHVYVR LDDLVSKSEVLGTQSK   

SEVLGTQSK GEKLDDLVSKSEVLGTQSK Trem2 R3 

SSVQEFMTFTSQLIVER   Coverage: 74% 

    Peptide Count: 17 

      

    Trem2 R4 

    Coverage: 69% 

    Peptide Count: 17 

      

    Trem2 R5 

    Coverage: 62% 

    Peptide Count: 11 

Zfpl1 LCNTPLASR DDDRTAGIHGDCDDDKYR Trem2 R1 
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LATVNWAR RPALGWLAQLLR Coverage: 21% 

VNVCEHCLVANHAK TAGIHGDCDDDKYR Peptide Count: 6 

LVCYDLFHWACINER AAADSDPNLDPLMNPHIR   

VTNLFCFEHR NTAPAGYQCPSCNGPIFPPANLAGPVASALR Trem2 R2 

KRPLTLLQR   Coverage: 7% 

    Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 13% 

    Peptide Count: 3 

      

    Trem2 R4 

    Coverage: 29% 

    Peptide Count: 7 

      

    Trem2 R5 

    Coverage: 44% 

    Peptide Count: 10 

Bcap29 ASDALLK ENLKTELKK Trem2 R1 

YSSTNVVEK LLKEHSELQNR Coverage: 7% 

IFSFSVWGK KASDALLK Peptide Count: 2 

ENLKTELK     

    Trem2 R2 
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    Coverage: 8% 

    Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 8% 

    Peptide Count: 3 

      

    Trem2 R4 

    Coverage: 8% 

    Peptide Count: 2 

      

    Trem2 R5 

    Coverage: 10% 

    Peptide Count: 4 

Copb1 KPITDDDVDR VLSTPDLEVR Trem2 R1 

TNNVSEHEDTDKYR EAGELKPEEEITVGPVQK Coverage: 5% 

YVALVQEK LVEKPSPLTLAPHDFANIK Peptide Count: 4 

YEAAGTLVTLSSAPTAIK VTVNTNMTDLNDYLQHILK   

LIVLDR EAADPLASK Trem2 R2 

NAVLAIYTIYR VLQDLVMDILR Coverage: 4% 

    Peptide Count: 4 

      

    Trem2 R3 
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    Coverage: 5% 

    Peptide Count: 4 

      

    Trem2 R4 

    Coverage: 9% 

    Peptide Count: 6 

      

    Trem2 R5 

    Coverage: 6% 

    Peptide Count: 4 

Gorasp2 EASVTPSNLWGGQGLLGVSIR IPTRPFEEGK Trem2 R1 

ADASSLTVDVTSPASK IPTRPFEEGKK Coverage: 39% 

LYVYNTDTDNCR ISLPGQMTGTPITPLK Peptide Count: 15 

DNDTLKDLLK LNKDNDTLK   

EVIITPNSAWGGEGSLGCGIGYGYLHR MLIYSSK Trem2 R2 

LNKDNDTLKDLLK VSDCTPAVEKPVSDADASEPS Coverage: 16% 

VPTTVEDR PHSDYIIGADTVMNESEDLFSLIETHEAK Peptide Count: 7 

VQENSPGHR PHSDYIIGADTVMNESEDLFSLIETHEAKPLK   

ANVEKPVK ADASSLTVDVTSPASKVPTTVEDR Trem2 R3 

FCSFDGANENVWHVLEVESNSPAALAGLR   Coverage: 42% 

    Peptide Count: 15 

      

    Trem2 R4 
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    Coverage: 42% 

    Peptide Count: 14 

      

    Trem2 R5 

    Coverage: 45% 

    Peptide Count: 17 

Larp7 ESAVDSSSSGVCK METENQKTMEESTK Trem2 R1 

VSAQGPQFVTGVIVK IVSGEPLPGRK Coverage: 11% 

AIEFLNNPPEEAPR VKQVLADIAK Peptide Count: 5 

TQQASQHIR TASEGSEAETPEAPKQPAK   

DKVEASSLPEAR DLEFCSTEEEKETDR Trem2 R2 

IVSGEPLPGR DGVGQAASEVSK Coverage: 10% 

IKKEESVQAK LESEMETDCKAPTAGSGQECSTQEK Peptide Count: 5 

SSSVVELDLEGTR QVDFWFGDANLHKDK   

TASEGSEAETPEAPK QVLADIAK Trem2 R3 

GFAFVEFETK FKTPEDAQAVMNAQTEIR Coverage: 18% 

NVTHSWIER APTAGSGQECSTQEK Peptide Count: 8 

QVDFWFGDANLHK     

    Trem2 R4 

    Coverage: 36% 

    Peptide Count: 17 

      

    Trem2 R5 
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    Coverage: 34% 

    Peptide Count: 17 

Mindy1 IQQPELDFYCVK SEGLQLNFQQNVDDAMTVLPK Trem2 R1 

MEQPQTENPAPSK LSYNQLVEK Coverage: 12% 

NNHFSTMTK LATGLDVNVR Peptide Count: 4 

ATSAETVESENHEALSGPEK     

    Trem2 R2 

    Coverage: 16% 

    Peptide Count: 5 

      

    Trem2 R3 

    Coverage: 11% 

    Peptide Count: 4 

      

    Trem2 R4 

    Coverage: 18% 

    Peptide Count: 6 

      

    Trem2 R5 

    Coverage: 18% 

    Peptide Count: 6 

Nectin2 ITWISSLGGEAK YSLVPVGR Trem2 R1 

ARPETNADLR DTQEPGIQAGTVTIISR Coverage: 4% 
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VIAQPENHAEAQEVTIGPQSVAVAR VLPEVR Peptide Count: 2 

AEQVILVR VEHESFEEPILLPVTLSVR   

    Trem2 R2 

    Coverage: 8% 

    Peptide Count: 3 

      

    Trem2 R3 

    Coverage: 6% 

    Peptide Count: 2 

      

    Trem2 R4 

    Coverage: 8% 

    Peptide Count: 2 

      

    Trem2 R5 

    Coverage: 9% 

    Peptide Count: 3 

Pdia3 DLLTAYYDVDYEK EATNPPIIQEEKPK Trem2 R1 

VDCTANTNTCNK DGEEAGAYDGPR Coverage: 16% 

GFPTIYFSPANK DASVVGFFR Peptide Count: 7 

LAPEYEAAATR LKGIVPLAK   

LNFAVASR KTFSHELSDFGLESTTGEVPVVAIR Trem2 R2 

YGVSGYPTLK MDATANDVPSPYEVK Coverage: 7% 
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FISDKDASVVGFFR FAHTNIESLVK Peptide Count: 3 

SEPIPESNEGPVK ALEQFLQEYFDGNLKR   

TADGIVSHLKK   Trem2 R3 

    Coverage: 28% 

    Peptide Count: 12 

      

    Trem2 R4 

    Coverage: 16% 

    Peptide Count: 5 

      

    Trem2 R5 

    Coverage: 5% 

    Peptide Count: 2 

Ptgir GFTQAIAPDSR CLALSHPYLYAQLDGPR Trem2 R1 

SVHGDLQAPLSR DPPAPTSLQAK Coverage: 12% 

EMGDLLAFR HHGSFVPTSR Peptide Count: 4 

      

    Trem2 R2 

    Coverage: 6% 

    Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 5% 
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    Peptide Count: 2 

      

    Trem2 R4 

    Coverage: 7% 

    Peptide Count: 2 

      

    Trem2 R5 

    Coverage: 8% 

    Peptide Count: 3 

Stam2 VLEALDLYNK SEPEPVYIDEGKMDR Trem2 R1 

SMKEEGVTFPSAGSQTVAAAAK AIELSLQEQK Coverage: 36% 

ALYPPAESQLNNK ALQILQSIDPK Peptide Count: 14 

PLFTANPFEQDVEK HSELSELNVK   

SEPEPVYIDEGK LNVIDDDVEEIKK Trem2 R2 

HGELITVLDDSDANWWQGENHR VNHKVPHVALQALTLLGACVANCGK Coverage: 20% 

GTGLFPSNFVTTDLSTEVETATVDK VPHVALQALTLLGACVANCGK Peptide Count: 8 

LVNEAPVYSVYSK ATNEYNTTEDWSLIMDICDR   

DPQFSLISATIK KHSELSELNVK Trem2 R3 

ALYDFEAVEDNELTFK VLEALDLYNKLVNEAPVYSVYSK Coverage: 29% 

NKEDEDIAK KSEPEPVYIDEGKMDR Peptide Count: 11 

      

    Trem2 R4 

    Coverage: 48% 
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    Peptide Count: 19 

      

    Trem2 R5 

    Coverage: 45% 

    Peptide Count: 18 

Vamp4 SESLSDNATAFSNR NLLEDDSDEEEDFFLR Trem2 R1 

LDELQDKSESLSDNATAFSNR LDELQDK Coverage: 39% 

HVQNQVDEVIDVMQENITK GERLDELQDK Peptide Count: 5 

HLNDDDVTGSVK RHLNDDDVTGSVK   

GERLDELQDKSESLSDNATAFSNR   Trem2 R2 

    Coverage: 18% 

    Peptide Count: 2 

      

    Trem2 R3 

    Coverage: 50% 

    Peptide Count: 8 

      

    Trem2 R4 

    Coverage: 40% 

    Peptide Count: 7 

      

    Trem2 R5 

    Coverage: 40% 
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    Peptide Count: 8 

Arf6 ILMLGLDAAGK LGQSVTTIPTVGFNVETVTYK Trem2 R1 

DAIILIFANK LKLGQSVTTIPTVGFNVETVTYK Coverage: 18% 

FNVWDVGGQDK HYYTGTQGLIFVVDCADRDR Peptide Count: 3 

TTILYK     

    Trem2 R2 

    Coverage: 27% 

    Peptide Count: 4 

      

    Trem2 R3 

    Coverage: 23% 

    Peptide Count: 4 

      

    Trem2 R4 

    Coverage: 37% 

    Peptide Count: 5 

      

    Trem2 R5 

    Coverage: 37% 

    Peptide Count: 5 

Lmna SVGGSGGGSFGDNLVTR IRIDSLSAQLSQLQK Trem2 R1 

ITESEEVVSR LQEKEDLQELNDR Coverage: 24% 

SNEDQSMGNWQIR VAVEEVDEEGKFVR Peptide Count: 14 
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SGAQASSTPLSPTR EGDLLAAQAR   

LADALQELR NSNLVGAAHEELQQSR Trem2 R2 

SSFSQHAR LQLELSK Coverage: 11% 

SLETENAGLR MQQQLDEYQELLDIK Peptide Count: 6 

LRDLEDSLAR IDSLSAQLSQLQK   

EAALSTALSEK TALINSTGEEVAMR Trem2 R3 

AAYEAELGDAR AAGGAGAQVGGSISSGSSASSVTVTR Coverage: 18% 

LSPSPTSQR LKDLEALLNSK Peptide Count: 11 

TLEGELHDLR AQHEDQVEQYKK   

LQTLKEELDFQK LLEGEEER Trem2 R4 

    Coverage: 21% 

    Peptide Count: 11 

      

    Trem2 R5 

    Coverage: 28% 

    Peptide Count: 14 

Osbpl8 VVLPTFILEPR GEAVGSITQPLPSSYLIIR Trem2 R1 

SLIWTLLK GIDLGDIQSSIESIK Coverage: 2% 

TGYSAILEFK ANNLHSGDNFQLNDSEIER Peptide Count: 2 

DLPQPSLSPASLHSQGFER LFHPLEQSIWAVK   

LKPFLGSSDYVNQISGK GKEDISQNKDDSSLSMSK Trem2 R2 

    Coverage: 2% 

    Peptide Count: 2 
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    Trem2 R3 

    Coverage: 10% 

    Peptide Count: 6 

      

    Trem2 R4 

    Coverage: 12% 

    Peptide Count: 7 

      

    Trem2 R5 

    Coverage: 8% 

  
 

Peptide Count: 5 

Rasal3 TPGKTEPEAAGSNQVHNVR EALLFR Trem2 R1 

AGPGQLFWAER HTPLISK Coverage: 23% 

ESLATLSELDLGAER ATVPGVR Peptide Count: 22 

VGSASSENSMQAALGNLK YKELAEFLTFHYAR   

LVAQEYLQDTLGQVVR ISTQVQSSFFSGEKPGFLAPR Trem2 R2 

SAGPAGATVGR SELGAYTPR Coverage: 19% 

TEPEAAGSNQVHNVR YQTTGTHRPVGK Peptide Count: 18 

FHFEALPPAR WFPVLGAPAGAVLR   

CPTPELPK SFQGAGSWASR Trem2 R3 

TQDSLEPLPTILR AQALVTDLGTAELAR Coverage: 9% 

LVCASLFLR LLCPAILAPSLFGLAPEHPAPGPAR Peptide Count: 7 
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APAAGLER HKNVAPLEPKPNPK   

ALSHQEPMVNSQPAPR QFQPSQDNVER Trem2 R4 

GSEALGPR LTEMECSQDQLR Coverage: 25% 

LCGALEPALSAQAK DSLQSLQLLSK Peptide Count: 22 

TLTLIAK ALSLLVESLSTQVQALK   

DGPPSALGSR ASASLPR Trem2 R5 

NVAPLEPKPNPK   Coverage: 20% 

    Peptide Count: 16 

Scamp1 EMQNLSQHGR SDFDSNPFADPDLNNPFKDPSVTQVTR Trem2 R1 

QEELER TVQTAAANAASTAATSAAQNAFK Coverage: 23% 

NVPPGLDEYNPFSDSR EHALAQAELLK Peptide Count: 7 

TTGASFEK AQQEFATGVMSNK   

RQEELER EREMQNLSQHGR Trem2 R2 

EHALAQAELLKR   Coverage: 0% 

    Peptide Count: 0 

      

    Trem2 R3 

    Coverage: 30% 

    Peptide Count: 7 

      

    Trem2 R4 

    Coverage: 31% 

    Peptide Count: 8 
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    Trem2 R5 

    Coverage: 30% 

    Peptide Count: 7 

Slc30a1 ESALILLQTVPK IIATAHIK Trem2 R1 

APTVSISCLELSENLEK TKAEGSLPAVVIEIK Coverage: 16% 

APDQEETNTLVANTSNSNGLK TIKDVFHNHGIHATTIQPEFASVGSK Peptide Count: 6 

AGQLNMR CEDPASYMQVAK   

ADQAEPEKLR DAEKAPTVSISCLELSENLEK Trem2 R2 

AGVEAGAPPGR APDQEETNTLVANTSNSNGLKADQAEPEKLR Coverage: 0% 

SDDPVDVQVNGNLIQESDNLEAEDNR SSVLPCELACR Peptide Count: 0 

LRSDDPVDVQVNGNLIQESDNLEAEDNR ELRDVDGVEEVHELHVWQLAGSR   

AGVEAGAPPGRAPDQEETNTLVANTSNSNGLK DVFHNHGIHATTIQPEFASVGSK Trem2 R3 

AEGSLPAVVIEIK   Coverage: 23% 

    Peptide Count: 8 

      

    Trem2 R4 

    Coverage: 32% 

    Peptide Count: 15 

      

    Trem2 R5 

    Coverage: 35% 

    Peptide Count: 14 
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Tjap1 QAISLSLVEDGSER LLQQENEELR Trem2 R1 

VIEFSEDKIR TPPPAAVVQR Coverage: 24% 

LQNSYTASQR QSLLPDKEGTEEASGPSHVDGR Peptide Count: 10 

LDCNLAVQLLK LSPYPTPSPPHPLYPGR   

LEQEESLTDAER MKLLQQENEELR Trem2 R2 

VLEKPESLLLNSAQSGSAGR YRLDCNLAVQLLK Coverage: 9% 

RLQNSYTASQR SSVPSSPASAQGSPHHQPSPAPSALSAPASSASSEEDLLASWQR Peptide Count: 5 

SGQEVASPSPSPSSSLSPGAVVPTSVIAR TNQELEDKLHALIK   

NTINKLEELNER ELEIGQDCLELELGQSR Trem2 R3 

TLDWEIVELTNK ELRLEIPVSR Coverage: 25% 

LEIPVSR GLVLPAEPDSGFPQDEEEEMLNLPVSPEEER Peptide Count: 11 

LEEINER KTLDWEIVELTNK   

NSPLPNCTYATR LADLPCELQDMVR Trem2 R4 

    Coverage: 0% 

    Peptide Count: 0 

      

    Trem2 R5 

    Coverage: 58% 

    Peptide Count: 21 

Arfgef2 VSLENGEAPR EIIEHGIELFNK Trem2 R1 

MENQVLQEAR DLYVNPNHQATLGQER Coverage: 8% 

LDSTQVGEFLGDSTR DAFLVFR Peptide Count: 12 

VLQEYTSDDMNVAPGDR DLPEEYLSSIYDEIEGKK   
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LGAAAPPK LLASLLIK Trem2 R2 

HLDVDLDR IVETICNCFQGPQTDEGVQLQIIK Coverage: 0% 

SGHELGMTPLQELSLR IVEISYYNMNR Peptide Count: 0 

ALMEAVSHAK SGTNCLENLVISNGEK   

VGCNPNEDVAIFAVDSLR FSLLTASSSITEMK Trem2 R3 

ILADKEVK FLEKGELANFR Coverage: 4% 

LDGNAIVDFVR ALLTAVTSPHIEIHEGTILQTVR Peptide Count: 4 

TCYNIYLASK LPDQEMGDGK   

LIAYGHITGNAPDSGAPGK GHSLAGEEFMGLGLGNLVSGGVDKR Trem2 R4 

VVSTSLDCLQK GLECLVSILK Coverage: 8% 

SYGHTFAK   Peptide Count: 12 

      

    Trem2 R5 

    Coverage: 16% 

    Peptide Count: 22 

Ebag9 QTDVEEWTSWDEDAPTSVK VCTCLATVFSFLKR Trem2 R1 

EPLNFGVPDGSTGFSSR AITQFR Coverage: 18% 

KREPLNFGVPDGSTGFSSR IEGGNGNVATQQNSLEQLEPDYFK Peptide Count: 3 

REPLNFGVPDGSTGFSSR IEGGNGNVATQQNSLEQLEPDYFKDMTPTIR   

VCTCLATVFSFLK KLSGDQITLPTTVDYSSVPK Trem2 R2 

    Coverage: 0% 

    Peptide Count: 0 

      



Appendices 

 

[333] 
 

    Trem2 R3 

    Coverage: 51% 

    Peptide Count: 10 

      

    Trem2 R4 

    Coverage: 32% 

    Peptide Count: 4 

      

    Trem2 R5 

    Coverage: 31% 

    Peptide Count: 4 

Metap1 SAQFEHTLLVTDTGCEILTR AGVTTEEIDHAVHLACIAR Trem2 R1 

VCETDGCSSEAK LGIQGSYFCSQECFK Coverage: 11% 

LLSSEDIEGMR NGYHGDLNETFFVGDVDEGARK Peptide Count: 3 

NCYPSPLNYYNFPK RPLQEGDIVNVDITLYR   

HAQANGFSVVR SGHVFTIEPMICEGGWQDETWPDGWTAVTR Trem2 R2 

NGYHGDLNETFFVGDVDEGAR ELGNIIQK Coverage: 0% 

SCCTSVNEVICHGIPDR LFHTAPNVPHYAK Peptide Count: 0 

LVQTTYECLMQAIDAVKPGVR KLVQTTYECLMQAIDAVKPGVR   

EVLDIAAGMIK   Trem2 R3 

    Coverage: 18% 

    Peptide Count: 5 
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    Trem2 R4 

    Coverage: 42% 

    Peptide Count: 10 

      

    Trem2 R5 

    Coverage: 59% 

    Peptide Count: 16 

Vps45 ENVEYLIQELR LVMLYALHYER Trem2 R1 

HVTVVGELSR HSSNSLPGLIVDLR Coverage: 21% 

LVSAVVEYGGK EVYLFER Peptide Count: 11 

MNVVFAVK LESIADMK   

VTEFDAVR NLLEVSEVEQELACQNDHSSALQNVK Trem2 R2 

IVLGGTTIHNTK RTEVPPLLLILDR Coverage: 9% 

LKENLYPYLGPSTLR SFLEEVLASGLHSR Peptide Count: 5 

EYELFEFR TTQGLTALLLSLK   

AFVENYPQFK TTQGLTALLLSLKK Trem2 R3 

    Coverage: 0% 

    Peptide Count: 0 

      

    Trem2 R4 

    Coverage: 25% 

    Peptide Count: 12 
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    Trem2 R5 

    Coverage: 18% 

    Peptide Count: 9 

Arfgef1 VSAWEEVQQR FLTSQQLFK Trem2 R1 

AFNSNNEQR FTLLTVSSGITEMK Coverage: 6% 

MENQALQEAK DAFLVFR Peptide Count: 10 

LFLEGFR LDGNAIVDFVR   

LIAYGHLTGR LLDCLLESHR Trem2 R2 

IVEISYYNMGR QQAPLVSVSTVSEEVSK Coverage: 2% 

DAYVQALAR FLEKGELANFR Peptide Count: 3 

KEDAENLAAAQR ATLTQMLNVIFAR   

VDTQDQGMYR GSQELGMSNVQELSLR Trem2 R3 

SGTNCLENVVILNGEK GLECLVSILK Coverage: 0% 

DQAPDEFVGLGLVGGNVDWK   Peptide Count: 0 

      

    Trem2 R4 

    Coverage: 6% 

    Peptide Count: 9 

      

    Trem2 R5 

    Coverage: 7% 

    Peptide Count: 11 

Cd86 DMGSYDCFIQK LHNVQIK Trem2 R1 
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LVLYEHYLGTEK LVLYEHYLGTEKLDSVNAK Coverage: 12% 

LDSVNAK LHNVQIKDMGSYDCFIQK Peptide Count: 4 

      

    Trem2 R2 

    Coverage: 0% 

    Peptide Count: 0 

      

    Trem2 R3 

    Coverage: 12% 

    Peptide Count: 6 

      

    Trem2 R4 

    Coverage: 10% 

    Peptide Count: 4 

      

    Trem2 R5 

    Coverage: 10% 

    Peptide Count: 3 

Gcc1 LLQLDLENK LQELQQEAAR Trem2 R1 

AYAADQVEGFELQTK LLQVAAR Coverage: 7% 

VLQEQIAETK FLTLPDSLGR Peptide Count: 5 

LLQEER ALAVLAEKDLELEQLR   

AQEQSDHALMLR   Trem2 R2 
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    Coverage: 4% 

    Peptide Count: 3 

      

    Trem2 R3 

    Coverage: 0% 

    Peptide Count: 0 

      

    Trem2 R4 

    Coverage: 6% 

    Peptide Count: 4 

      

    Trem2 R5 

    Coverage: 8% 

    Peptide Count: 5 

Hmox2 GTLGGSNCPFQTTVAVLR AENTQFVKDFLK Trem2 R1 

AENTQFVK DHPAFAPLYFPTELHR Coverage: 25% 

LPSTGEGTQFYLFEHVDNAQQFK LATTALYFTYSALEEEMDR Peptide Count: 5 

YFFGENWEEQVK IVEEANKAFEYNMQIFSELDQAGSMLAR   

IHYVGQNEPELLVAHAYTR IVEEANK Trem2 R2 

MADLSELLK YMGDLSGGQVLK Coverage: 0% 

MNALDLNLK SSEVETSEGVDESEKNSMAPEKENHTK Peptide Count: 0 

NKDHPAFAPLYFPTELHR ETLEDGLPVHDGK   

YMGDLSGGQVLKK ERIVEEANK Trem2 R3 



Appendices 

 

[338] 
 

ALKLPSTGEGTQFYLFEHVDNAQQFK AALIKDMK Coverage: 8% 

AFEYNMQIFSELDQAGSMLAR   Peptide Count: 3 

      

    Trem2 R4 

    Coverage: 49% 

    Peptide Count: 11 

      

    Trem2 R5 

    Coverage: 67% 

    Peptide Count: 18 

Snx3 GDDGIFDDNFIEER TNLPIFK Trem2 R1 

VVVPPLPGK VAGHPLAQNER Coverage: 23% 

YSDFEWLR FTTYEIR Peptide Count: 4 

      

    Trem2 R2 

    Coverage: 30% 

    Peptide Count: 5 

      

    Trem2 R3 

    Coverage: 35% 

    Peptide Count: 6 

      

    Trem2 R4 
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    Coverage: 0% 

    Peptide Count: 0 

      

    Trem2 R5 

    Coverage: 25% 

    Peptide Count: 4 
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Supplementary table 3.3. All enriched terms for Trem2 putative interactors. 

Enriched 
term 

-log10(p) 
Enriched 
term 

-log10(p) 
Enriched 
term 

-log10(p) 
Enriched 
term 

-log10(p) 
Enriched 
term 

-log10(p) 

Membrane 
trafficking 

19.56 
Localization 
within 
membrane 

9.38 

Regulation 
of i-kappab 
kinase/nf-
kappab 
signalling 

2.49 Ferroptosis 3.33 

Cellular 
response to 
lipoprotein 
particle 
stimulus 

4.06 

Vesicle-
mediated 
transport 

19.01 

Protein 
localization 
to 
membrane 

4.91 

Negative 
regulation of 
T cell 
activation 

2.44 
Monoatomic 
cation 
transport 

3.32 

Cell 
adhesion 
mediated by 
integrin 

3.96 

Intra-Golgi 
and 
retrograde 
Golgi-to-ER 
traffic 

16.51 

Protein 
localization 
to plasma 
membrane 

2.92 

Negative 
regulation of 
leukocyte 
cell-cell 
adhesion 

2.28 
Carboxylic 
acid 
transport 

3.23 
Neuroinflam
matory 
response 

3.75 

Clathrin-
mediated 
endocytosis 

10.25 

Protein 
localization 
to cell 
periphery 

2.62 

Negative 
regulation of 
immune 
system 
process 

2.22 
Organic acid 
transport 

3.22 

PID ARF6 
TRAFFICKI
NG 
PATHWAY 

3.69 

Cargo 
recognition 
for clathrin-
mediated 
endocytosis 

9.86 

Regulation 
of immune 
effector 
process 

8.84 

Negative 
regulation of 
lymphocyte 
activation 

2.15 
Sodium ion 
transport 

3.06 
Viral 
myocarditis 

3.43 

Retrograde 
transport at 
the Trans-
Golgi-
Network 

8.80 

Positive 
regulation of 
leukocyte 
activation 

7.77 

Positive 
regulation of 
leukocyte 
differentiatio
n 

2.03 

Regulation 
of 
neurotransm
itter 
transport 

2.80 
Integrin cell 
surface 
interactions 

2.99 
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Membrane 
organization 

16.64 

Positive 
regulation of 
cell 
activation 

7.59 
Positive 
regulation of 
hemopoiesis 

2.03 
Organic 
anion 
transport 

2.72 
Cell 
activation 

2.87 

Endomembr
ane system 
organization 

15.40 
Regulation 
of leukocyte 
activation 

6.89 
Organelle 
localization 

8.56 

Regulation 
of 
transmembr
ane 
transport 

2.50 

Integrin-
mediated 
signalling 
pathway 

2.86 

Vesicle 
organization 

13.38 

Positive 
regulation of 
immune 
effector 
process 

6.68 

Establishme
nt of 
organelle 
localization 

4.47 

Modulation 
of chemical 
synaptic 
transmission 

2.25 
Phagocytosi
s 

2.23 

Golgi 
vesicle 
transport 

14.50 

Regulation 
of 
production 
of molecular 
mediator of 
immune 
response 

6.51 
Vesicle 
targeting 

3.35 

Regulation 
of trans-
synaptic 
signalling 

2.25 Gastrulation 2.15 

Endosomal 
transport 

9.79 
Regulation 
of cell 
activation 

6.50 
Exocytic 
process 

3.25 
Circulatory 
system 
process 

2.24 
Cell-
substrate 
adhesion 

2.04 

Intra-Golgi 
traffic 

9.09 

Immunoregu
latory 
interactions 
between a 
Lymphoid 
and a non-
Lymphoid 
cell 

6.15 
Establishme
nt of vesicle 
localization 

2.14 

Import 
across 
plasma 
membrane 

2.16 
Inflammator
y response 

2.02 
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Retrograde 
transport, 
endosome 
to Golgi 

7.15 

Positive 
regulation of 
cell-cell 
adhesion 

6.10 
Vesicle 
localization 

2.05 
Female 
pregnancy 

2.12 
Intracellular 
protein 
transport 

6.22 

Endoplasmi
c reticulum 
to Golgi 
vesicle-
mediated 
transport 

6.33 

Positive 
regulation of 
leukocyte 
mediated 
immunity 

5.88 
Movement 
in host 

7.43 
Response to 
inorganic 
substance 

2.08 
Signalling 
by MET 

4.46 

Intra-Golgi 
vesicle-
mediated 
transport 

5.94 
Adaptive 
Immune 
System 

5.83 

Biological 
process 
involved in 
interaction 
with host 

7.05 

Positive 
regulation of 
protein 
localization 
to 
membrane 

6.86 
Protein 
localization 
to organelle 

4.28 

Cytosolic 
transport 

5.83 

Positive 
regulation of 
cell 
adhesion 

5.77 
Haemostasi
s 

6.74 

Positive 
regulation of 
protein 
localization 
to plasma 
membrane 

6.55 
Vegfa-
vegfr2 
signalling 

2.48 

COPI-
mediated 
anterograde 
transport 

5.42 

Regulation 
of leukocyte 
mediated 
immunity 

5.75 
Viral life 
cycle 

6.72 

Positive 
regulation of 
protein 
localization 
to cell 
periphery 

6.27 
EGF/EGFR 
signalling 
pathway 

2.20 

ER to Golgi 
Anterograde 
Transport 

4.53 
Regulation 
of cell-cell 
adhesion 

5.70 

Biological 
process 
involved in 
symbiotic 
interaction 

6.67 

Positive 
regulation of 
protein 
localization 

5.86 
Vacuolar 
transport 

2.15 
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Transport to 
the Golgi 
and 
subsequent 
modification 

4.15 

Regulation 
of leukocyte 
cell-cell 
adhesion 

5.57 
Viral entry 
into host cell 

6.66 

Regulation 
of protein 
localization 
to 
membrane 

5.45 

Signalling 
by Receptor 
Tyrosine 
Kinases 

2.13 

Asparagine 
N-linked 
glycosylatio
n 

4.12 

Positive 
regulation of 
leukocyte 
cell-cell 
adhesion 

5.48 
Entry into 
host 

6.61 

Regulation 
of vesicle-
mediated 
transport 

5.43 

Trans-Golgi 
Network 
Vesicle 
Budding 

6.15 

Golgi-to-ER 
retrograde 
transport 

2.44 
Regulation 
of T cell 
proliferation 

5.37 
Basigin 
interactions 

6.49 

Regulation 
of protein 
localization 
to plasma 
membrane 

5.33 

Golgi 
Associated 
Vesicle 
Biogenesis 

5.05 

SNARE 
interactions 
in vesicular 
transport 

11.97 

Positive 
regulation of 
production 
of molecular 
mediator of 
immune 
response 

4.80 

Cell surface 
interactions 
at the 
vascular 
wall 

6.10 

Regulation 
of protein 
localization 
to cell 
periphery 

4.88 
Golgi 
organization 

5.97 

Membrane 
docking 

10.48 

Regulation 
of 
lymphocyte 
proliferation 

4.71 
Viral 
process 

5.76 
Negative 
regulation of 
endocytosis 

4.55 

Regulation 
of tumour 
necrosis 
factor 
superfamily 
cytokine 
production 

5.27 

Membrane 
fusion 

9.87 

Regulation 
of 
mononuclea
r cell 
proliferation 

4.67 
Hormone 
transport 

2.73 
Regulation 
of secretion 
by cell 

4.27 

Regulation 
of tumour 
necrosis 
factor 
production 

4.15 



Appendices 

 

[344] 
 

Organelle 
localization 
by 
membrane 
tethering 

9.18 

Positive 
regulation of 
alpha-beta t 
cell 
activation 

4.64 
Alanine 
transport 

7.10 
Regulation 
of 
endocytosis 

4.22 

Negative 
regulation of 
cytokine 
production 
involved in 
inflammator
y response 

3.93 

Vesicle 
fusion 

6.91 

Positive 
regulation of 
t cell 
activation 

4.61 

Amino acid 
transport 
across the 
plasma 
membrane 

5.99 
Regulation 
of secretion 

3.98 

Regulation 
of type ii 
interferon 
production 

3.77 

Export from 
cell 

6.87 
Regulation 
of t cell 
activation 

4.56 
Proline 
transport 

5.71 

Pid 
ecadherin 
stabilization 
pathway 

3.93 

Regulation 
of cytokine 
production 
involved in 
immune 
response 

3.74 

Organelle 
membrane 
fusion 

6.86 
Regulation 
of leukocyte 
proliferation 

4.43 

Regulation 
of amino 
acid 
transport 

5.48 
Negative 
regulation of 
transport 

3.88 
Response to 
bacterium 

3.66 

Organelle 
fusion 

6.27 

Regulation 
of 
lymphocyte 
mediated 
immunity 

4.14 
Neutral 
amino acid 
transport 

5.15 
Regulation 
of protein 
transport 

3.70 

Cellular 
response to 
biotic 
stimulus 

3.52 



Appendices 

 

[345] 
 

Exocytosis 5.91 

Regulation 
of adaptive 
immune 
response 
based on 
somatic 
recombinati
on of 
immune 
receptors 
built from 
immunoglob
ulin 
superfamily 
domains 

4.09 

Regulation 
of amino 
acid import 
across 
plasma 
membrane 

5.02 

Negative 
regulation of 
cellular 
component 
organization 

3.59 

Positive 
regulation of 
cell 
developmen
t 

3.25 

SNARE 
complex 
assembly 

5.59 

Positive 
regulation of 
T cell 
proliferation 

3.98 

Regulation 
of amino 
acid 
transmembr
ane 
transport 

5.02 

Regulation 
of 
establishme
nt of protein 
localization 

3.58 

Negative 
regulation of 
tumour 
necrosis 
factor 
production 

3.10 

Secretion by 
cell 

5.32 

Positive 
regulation of 
lymphocyte 
activation 

3.95 

L-alpha-
amino acid 
transmembr
ane 
transport 

4.93 

Positive 
regulation of 
secretion by 
cell 

3.25 

Negative 
regulation of 
tumour 
necrosis 
factor 
superfamily 
cytokine 
production 

3.07 
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Vesicle 
docking 

4.85 

Regulation 
of adaptive 
immune 
response 

3.94 

Carboxylic 
acid 
transmembr
ane 
transport 

4.76 

Positive 
regulation of 
protein 
transport 

3.11 

Regulation 
of cytokine 
production 
involved in 
inflammator
y response 

3.05 

Secretion 4.54 

Positive 
regulation of 
b cell 
mediated 
immunity 

3.89 
Neurotrans
mitter 
transport 

4.74 
Positive 
regulation of 
secretion 

3.07 
Response to 
lipopolysacc
haride 

2.96 

ER-
Phagosome 
pathway 

4.24 

Positive 
regulation of 
immunoglob
ulin 
mediated 
immune 
response 

3.89 

Organic acid 
transmembr
ane 
transport 

4.74 
Positive 
regulation of 
exocytosis 

3.07 

Response to 
molecule of 
bacterial 
origin 

2.84 

Antigen 
processing-
Cross 
presentation 

3.98 

Regulation 
of alpha-
beta T cell 
activation 

3.82 
L-amino 
acid 
transport 

4.62 

Positive 
regulation of 
establishme
nt of protein 
localization 

3.02 

Cellular 
response to 
cytokine 
stimulus 

2.83 

Post-Golgi 
vesicle-
mediated 
transport 

2.86 

Regulation 
of T cell 
receptor 
signalling 
pathway 

3.80 

SLC-
mediated 
transmembr
ane 
transport 

4.62 

Positive 
regulation of 
cell 
migration 

2.69 
Cellular 
response to 
lipid 

2.82 

Cellular 
response to 
type II 
interferon 

2.73 

Regulation 
of 
lymphocyte 
activation 

3.78 

Positive 
regulation of 
amino acid 
transport 

4.58 
Regulation 
of synapse 
organization 

2.65 

Regulation 
of 
chemokine 
production 

2.81 
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Class I MHC 
mediated 
antigen 
processing 
& 
presentation 

2.72 

T cell 
modulation 
in 
pancreatic 
cancer 

3.78 

Regulation 
of organic 
acid 
transport 

4.44 

Regulation 
of synapse 
structure or 
activity 

2.62 

Regulation 
of 
phagocytosi
s 

2.77 

Response to 
type II 
interferon 

2.48 

Positive 
regulation of 
adaptive 
immune 
response 
based on 
somatic 
recombinati
on of 
immune 
receptors 
built from 
immunoglob
ulin 
superfamily 
domains 

3.71 
Transport of 
small 
molecules 

4.34 
Positive 
regulation of 
cell motility 

2.60 

Cellular 
response to 
molecule of 
bacterial 
origin 

2.73 

RHOG 
GTPase 
cycle 

11.14 

Positive 
regulation of 
lymphocyte 
mediated 
immunity 

3.66 
Vascular 
transport 

4.31 

Regulation 
of protein-
containing 
complex 
assembly 

2.56 

Regulation 
of 
interleukin-1 
beta 
production 

2.65 

RHO 
GTPase 
cycle 

10.50 

Positive 
regulation of 
adaptive 
immune 
response 

3.63 

Transport 
across 
blood-brain 
barrier 

4.31 
Positive 
regulation of 
locomotion 

2.55 

Negative 
regulation of 
cell 
population 
proliferation 

2.64 
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RAC3 
GTPase 
cycle 

8.64 

Positive 
regulation of 
immunoglob
ulin 
production 

3.59 

Amino acid 
transmembr
ane 
transport 

4.22 
Regulation 
of metal ion 
transport 

2.52 

Regulation 
of peptidyl-
tyrosine 
phosphoryla
tion 

2.56 

Signalling 
by Rho 
GTPases 

8.12 

Positive 
regulation of 
lymphocyte 
proliferation 

3.44 
Regulation 
of amine 
transport 

4.09 

Positive 
regulation of 
protein 
secretion 

2.32 
Osteoclast 
differentiatio
n 

2.48 

Signalling 
by Rho 
GTPases, 
Miro 
GTPases 
and 
RHOBTB3 

8.00 

Positive 
regulation of 
mononuclea
r cell 
proliferation 

3.41 

Amino acid 
import 
across 
plasma 
membrane 

4.06 

Positive 
regulation of 
cellular 
component 
biogenesis 

2.20 

Regulation 
of 
interleukin-1 
production 

2.45 

RAC2 
GTPase 
cycle 

7.24 

Regulation 
of B cell 
mediated 
immunity 

3.37 
Metal ion 
transport 

3.95 
Neutrophil 
degranulatio
n 

6.80 

Positive 
regulation of 
cytokine 
production 

2.23 

RHOA 
GTPase 
cycle 

5.92 

Regulation 
of 
immunoglob
ulin 
mediated 
immune 
response 

3.37 

Transport of 
inorganic 
cations/anio
ns and 
amino 
acids/oligop
eptides 

3.93 Endocytosis 6.42 

Regulation 
of 
interleukin-6 
production 

2.09 

RAC1 
GTPase 
cycle 

5.34 

Regulation 
of antigen 
receptor-
mediated 
signalling 
pathway 

3.31 
Import into 
cell 

3.92 
Receptor-
mediated 
endocytosis 

5.64 

Negative 
regulation of 
MAPK 
cascade 

2.05 
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RHOD 
GTPase 
cycle 

5.12 

Positive 
regulation of 
immune 
response 

3.23 

Regulation 
of 
neurotransm
itter levels 

3.90 
Receptor 
internalizatio
n 

4.60 
Membrane 
invagination 

5.18 

CDC42 
GTPase 
cycle 

3.33 

Positive 
regulation of 
leukocyte 
proliferation 

3.22 

Positive 
regulation of 
amine 
transport 

3.86 Phagosome 4.55 

Negative 
regulation of 
protein 
localization 

2.79 

RHOC 
GTPase 
cycle 

3.16 

Regulation 
of 
immunoglob
ulin 
production 

3.13 
Amino acid 
transport 

3.81 
Cell 
adhesion 
molecules 

4.49 

Regulation 
of 
intracellular 
transport 

2.13 

Endocytosis 10.84 

Negative 
regulation of 
immune 
response 

2.91 

Positive 
regulation of 
organic acid 
transport 

3.69 
Response to 
lipoprotein 
particle 

4.17 

Insertion of 
tail-
anchored 
proteins into 
the 
endoplasmic 
reticulum 
membrane 

4.75 

Endosome 
organization 

5.64 

Regulation 
of t cell 
mediated 
immunity 

2.81 

Positive 
regulation of 
transmembr
ane 
transport 

3.66 

Cellular 
response to 
low-density 
lipoprotein 
particle 
stimulus 

4.17 

Vesicle 
budding 
from 
membrane 

3.11 

Vesicle-
mediated 
transport to 
the plasma 
membrane 

4.93 

Negative 
regulation of 
cell 
activation 

2.72 

Vascular 
process in 
circulatory 
system 

3.41 
Heterotypic 
cell-cell 
adhesion 

4.10 
Protein 
localization 

2.18 
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Endocytic 
recycling 

3.15 

Negative 
regulation of 
immune 
effector 
process 

2.52       
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Supplementary table 3.4 Variants of NECTIN2 associated with AD. The variant and paper identifying the variant was extracted from the EBI 

GWAS Catalog. 

Mapped Gene Risk Variants Papers 

NECTIN2 rs11673139 MAF 0.06629 

rs56394238 MAF 0.3642 

rs111371860 MAF 0.04113 

rs77241309 MAF 0.03654 

rs406456 MAF 0.2456 

rs143459034 MAF 0.01498 

rs4802240 MAF 0.269 

rs2927468 MAF 0.4277 

rs2972558 MAF 0.4129 

rs73050293 MAF 0.04692 

rs375972689 MAF 0.02955 

rs8112526 MAF 0.1084 

rs11669338 MAF 0.06629 

rs150639620 MAF 0.03694 

rs41290120 MAF 0.01258 

rs283810 MAF 0.1775 

rs12974942 MAF 0.3458 

rs12978931 MAF 0.262 

rs41289512 MAF 0.007788 

rs138607350 MAF 0.003395 

Gouveia et al. (2022) 

Marioni et al. (2018) 

Jansen et al. (2019) 

Schwartzentruber et al. (2021) 

Ramanan et al. (2014) 

Zhu et al. (2019) 

Nazarian et al. (2019) 

Wang et al. (2021) 

Lo et al. (2019) 

Jun et al. (2017) 

Naj et al. (2010) 

Logue et al. (2011) 

Miyashita et al. (2013) 

Abraham et al. (2008) 

Beecham et al. (2014) 
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rs79701229 MAF 0.003195 

rs183427010 MAF 0.001997 

rs419010 MAF 0.4461 

rs6859 MAF 0.3664 

rs11665676 MAF 0.03514 

rs41290100 MAF 0.008986 

rs41290108 MAF 0.007388 

rs11666329 MAF 0.3478 

rs4803764 MAF 0.1859 

rs3112440 MAF 0.1552 

rs283813 MAF 0.1761 

rs146275714 MAF 0.005192 

rs148601586 MAF 0.003994 

rs4803760 MAF 0.1847 

rs11668738 MAF 0.2776 

rs112262807 MAF 0.2887 

rs1466435 MAF 0.0593 

rs10412413 MAF 0.2554 

rs78986976 MAF 0.02296 

rs10407439 MAF 0.3846 

rs55840414 MAF 0.04233 

rs547509922 MAF 0.000599 

rs28399664 MAF 0.004393 
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rs393584 MAF 0.4601 

rs412776 MAF 0.1516 

rs3852860 MAF 0.4752 

rs365653 MAF 0.1747 

rs2972562 MAF 0.223 

rs117310449 MAF 0.003794 

rs6857 MAF 0.1104 

rs406315 MAF 0.1955 

rs58826447 MAF 0.2528 

rs1871047 MAF 0.2734 

rs440277 MAF 0.2161 

rs283815 MAF 0.3037 

rs10405693 MAF 0.2416 

rs10402271 MAF 0.2332 

rs10426423 MAF 0.2724 

rs144261139 MAF 0.008786 

rs283811 MAF 0.278 

rs519113 MAF 0.2668 

  
 

 


