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Abstract 

 

Parkinson’s disease (PD) is a neurodegenerative disorder which primarily affects movement and 

is characterized by the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc). 

There is no cure for the disorder and current drug treatments often have severe side effects. Several 

pathogenic variants have been implicated in PD, in various genes including SNCA, LRRK2, PRKN, 

and PINK1. However, these variants have mainly been found in individuals of European ancestry. 

In Sub-Saharan Africa (SSA), studies done on the genetic aetiology of PD have shown that these 

known pathogenic variants are only minor contributors to the aetiology. Since SSA is expected to 

face a surge in age-related disorders, such as PD, due to the gradual improvement in quality of life 

and increased life expectancy, it is important to study the disorder in these populations. 

To this end, we have recruited individuals with PD from the South African population for genetic 

studies. One of the probands recruited had a family history of PD and also had several PD affected 

and unaffected family members. This family was designated ZA253. Therefore, we decided to 

perform whole exome sequencing on three of the affected individuals in an attempt to elucidate 

the genetic aetiology of their disorder. Variants that were novel or rare (MAF < 1%), non-

synonymous, heterozygous, and shared amongst the three individuals were prioritised. These were 

found in the CCNF, CFAP65, NRXN2, RTF1, and TEP1 genes. After screening unaffected 

members and ethnic-matched controls, as well as performing pathway and expression analysis and 

functional predictions of the effect of the variant on the translated protein, the p.G849D variant in 

NRXN2 (neurexin 2) was prioritised for further study. 

First, we performed molecular dynamic (MD) simulations after constructing a homologous model 

of the human NRXN2α protein. These simulations showed that the variant had a destabilizing 

effect on the protein structure and resulted in an extended conformation of the 

laminin/neurexin/sex-hormone binding domain 6 (LNS6), which is responsible for binding to other 

proteins. Thereafter, we performed a literature search on the neurexin gene family to determine if 

they are good candidate genes for PD. We found that there is a well-established role of neurexins 

in neuropsychiatric disorders, such as autism spectrum disorders and schizophrenia, as well as 

evidence of a role for neurexins in neurodegenerative disorders, such as Alzheimer’s disease and 

PD. Therefore, we concluded that NRXN2 is a good candidate gene for further examination using 

functional studies. 

Functional studies were then performed using a cDNA overexpression model in SH-SY5Y 

neuroblastoma cells to analyze the effect of the variant in an in vitro model of PD. First, we used  

assays to examine the effect of the mutant NRXN2α protein on cell death, mitochondrial function, 

and reactive oxygen species (ROS) production. We found that overexpression of the mutant 

protein had a negative effect on all of these aspects and therefore concluded that the mutant 

NRXN2α could induce a toxic feedback loop of mitochondrial dysfunction, increased ROS 

generation and increased neuronal cell death.  
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Consequently, we performed proteomics analysis on the same model to determine how 

overexpression of NRXN2α affects cellular pathways. Interestingly, overexpression of the wild-

type protein led to the enrichment of proteins involved in neurodegenerative pathways, providing 

preliminary evidence that NRXN2α could be involved in these pathways. Overexpression of the 

mutant protein led to the decline in proteins involved in ribosomal functioning. Since NRXN2α is 

a synaptic protein, it is possible that the variant affects synaptic translation. Indeed, dysregulated 

synaptic translation has been linked to altered mitochondrial physiology. Therefore, we 

hypothesized that dysregulated synaptic translation and mitochondrial dysfunction are linked and 

act together to result in neuronal death. 

The last part of the study examined the effect of the variant on the synaptic function of NRXN2α. 

We first used MD simulations to examine the variant’s effect on the binding of NRXN2α to a 

known binding partner, neuroligin 1 (NLGN1). In synapses, neurexins bind to neuroligins to 

facilitate synaptic transmission and maintenance. The results of the simulations suggest that the 

variant may be able to disrupt this interaction. Thereafter, we stained synaptic markers in vitro, in 

differentiated SH-SY5Y cells, to determine whether overexpression of the mutant protein affects 

synapse formation and synaptic transmission. We found an increase in the levels of both markers 

possibly indicating that there is increased synapse formation resulting in increased transmission 

between synapses. Since the MD simulations showed that the variant could disrupt neurexin-

neuroligin signalling, we propose that this increase in transmission is a compensatory mechanism 

and suggest that, over time, this response would strain the synaptic maintenance systems and 

eventually lead to neurodegeneration.     

In conclusion, our findings have indicated that a variant in NRXN2α may be linked to 

mitochondrial and synaptic dysfunction that may eventually lead to neurodegeneration. However, 

further targeted experiments in other PD models are required in order to prove these findings. 

Nevertheless, it is important to look at the genetics of PD in understudied populations as this may 

lead to the discovery of new genes and disease mechanisms underlying this disorder. Therefore, 

studies such as these can help to shed light on this debilitating disorder. 
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Opsomming 

 

Parkinson se siekte (PS) is 'n neurodegeneratiewe versteuring wat hoofsaaklik beweging beïnvloed 

en word gekenmerk deur die verlies van dopaminergiese neurone in die substantia nigra pars 

compacta (SNpc). Daar is geen geneesmiddel vir die siekte nie en huidige dwelmbehandelings het 

dikwels ernstige newe-effekte. Verskeie patogene variante is in PS geïmpliseer, in verskeie gene, 

waaronder SNCA, LRRK2, PRKN en PINK1. Hierdie variante is egter hoofsaaklik gevind in 

individue van Europese afkoms. In Afrika suid van die Sahara (SSA) het studies wat oor die 

genetiese etiologie van PS gedoen is, getoon dat hierdie bekende patogene variante slegs geringe 

bydraers tot die etiologie is. Aangesien SSA na verwagting 'n toename in ouderdomsverwante 

afwykings, soos PS, in die gesig staar as gevolg van die geleidelike verbetering in lewensgehalte 

en verhoogde lewensverwagting, is dit belangrik om die wanorde in hierdie bevolkings te 

bestudeer. 

Vir hierdie doel het ons individue met PS van die Suid-Afrikaanse bevolking gewerf vir genetiese 

studies. Een van die probande wat gewerf is, het 'n familiegeskiedenis van PS gehad en het ook 

verskeie PS geaffekteerde en onaangeraakte familielede gehad. Hierdie familie is as ZA253 

aangewys. Daarom het ons besluit om volledige eksome volgordebepaling op drie van die 

geaffekteerde individue uit te voer in 'n poging om die genetiese etiologie van hul wanorde te 

verduidelik. Variante wat nuut of skaars was (MAF < 1%), nie-sinoniem, heteroseries en gedeel 

onder die drie individue is geprioritiseer. Dit is gevind in die CCNF, CFAP65, NRXN2, RTF1 en 

TEP1 gene. Na die sifting van onaangeraakte lede en etnies-ooreenstemmende kontroles, sowel as 

die uitvoering van pad- en uitdrukkingsanalise en funksionele voorspellings van die effek van die 

variant op die vertaalde proteïen, is die p.G849D variant in NRXN2 (neurexin 2) geprioritiseer vir 

verdere studie. 

Eerstens het ons molekulêre dinamiese (MD) simulasies uitgevoer nadat ons 'n homoloë model 

van die menslike NRXN2α proteïen gebou het. Hierdie simulasies het getoon dat die variant 'n 

destabiliserende effek op die proteïenstruktuur gehad het en gelei het tot 'n uitgebreide konformasie 

van die laminin / neurexin / sex hormone bindende domein 6 (LNS6), wat verantwoordelik is vir 

die binding van ander proteïene. Daarna het ons 'n literatuursoektog op die neurexin-geenfamilie 

gedoen om vas te stel of dit goeie kandidaatgene vir PS is. Ons het bevind dat daar 'n gevestigde 

rol van neurexins in neuropsigiatriese afwykings is, soos outisme spektrumversteurings en 

skisofrenie, asook bewyse van 'n rol vir neurexins in neurodegeneratiewe afwykings, soos 

Alzheimer se siekte en PS. Daarom het ons tot die gevolgtrekking gekom dat NRXN2 'n goeie 

kandidaatgen is vir verdere ondersoek met behulp van funksionele studies. 

Funksionele studies is dan uitgevoer met behulp van 'n cDNA ooruitdrukkingsmodel in SH-SY5Y 

neuroblastoma selle om die effek van die variant in 'n in vitro model  van PD te analiseer. Eerstens 

het ons toetsings gebruik om die effek van die mutant NRXN2α proteïen op seldood, 

mitochondriale funksie en reaktiewe suurstofspesies (ROS) produksie te ondersoek. Ons het 

Stellenbosch University https://scholar.sun.ac.za



v 

 

bevind dat ooruitdrukking van die mutant proteïen 'n negatiewe uitwerking op al hierdie aspekte 

gehad het en daarom tot die gevolgtrekking gekom het dat die mutant NRXN2α 'n giftige 

terugvoerlus van mitochondriale disfunksie, verhoogde ROS generasie en verhoogde neuronale 

seldood kan veroorsaak.  

Gevolglik het ons proteomiese analise op dieselfde model uitgevoer om te bepaal hoe 

ooruitdrukking van NRXN2α sellulêre paaie beïnvloed. Interessant genoeg, ooruitdrukking van 

die wilde-tipe proteïen het gelei tot die verryking van proteïene wat betrokke is by 

neurodegeneratiewe paaie, bied voorlopige bewyse dat NRXN2α by hierdie paaie betrokke kan 

wees. Ooruitdrukking van die mutant proteïen het gelei tot die afname in proteïene wat betrokke 

is by ribosomale funksionering. Aangesien NRXN2α 'n sinaptiese proteïen is, is dit moontlik dat 

die variant sinaptiese vertaling beïnvloed. Inderdaad, disreguleerde sinaptiese vertaling is 

gekoppel aan veranderde mitochondriale fisiologie. Daarom het ons veronderstel dat 

gedisreguleerde sinaptiese vertaling en mitochondriale disfunksie gekoppel is en saamwerk om 

neuronale dood tot gevolg te hê. 

Die laaste deel van die studie het die effek van die variant op die sinaptiese funksie van NRXN2α 

ondersoek. Ons het eers MD simulasies gebruik om die variant se effek op die binding van 

NRXN2α aan 'n bekende bindende vennoot, neuroligin 1 (NLGN1) te ondersoek. In sinapse bind 

neurexins aan neuroligins om sinaptiese oordrag en instandhouding te vergemaklik. Die resultate 

van die simulasies dui daarop dat die variant hierdie interaksie kan ontwrig. Daarna het ons 

sinaptiese merkers in vitro, in gedifferensieerde SH-SY5Y selle, gevlek om te bepaal of 

ooruitdrukking van die mutant proteïen sinapsevorming en sinaptiese oordrag beïnvloed. Ons het 

'n toename in die vlakke van beide merkers gevind wat moontlik aandui dat daar verhoogde 

sinapsevorming is wat verhoogde oordrag tussen sinapse tot gevolg het. Aangesien die MD 

simulasies getoon het dat die variant neurexin-neuroligien sein kan ontwrig, stel ons voor dat 

hierdie toename in oordrag 'n kompenserende meganisme is en stel voor dat hierdie reaksie 

mettertyd die sinaptiese instandhoudingstelsels sal spanning en uiteindelik tot neurodegenerasie 

sal lei.     

Ten slotte het ons bevindings aangedui dat 'n variant in NRXN2α gekoppel kan word aan 

mitochondriale en sinaptiese disfunksie wat uiteindelik tot neurodegenerasie kan lei. Verdere 

geteikende eksperimente in ander PD-modelle is egter nodig om hierdie bevindings te bewys. 

Nietemin is dit belangrik om na die genetika van PD in onderstudiede bevolkings te kyk, aangesien 

dit kan lei tot die ontdekking van nuwe gene en siektemeganismes onderliggend aan hierdie 

versteuring. Daarom kan studies soos hierdie help om lig te werp op hierdie aftakelende 

versteuring. 
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Dissertation Outline 

 

This dissertation is presented in 8 Chapters that include a general introduction section, an overview 

of the methodology section, a published research article, a published review article, three 

submission-ready articles, and an overall discussion section. This constitutes a “hybrid” 

dissertation format, which is an acceptable format at Stellenbosch University.  

 

Chapter 1 is the Introduction which briefly introduces Parkinson’s disease (PD), gives an 

overview of PD genetic research in Sub-Saharan Africa (SSA) and introduces the candidate gene 

and its transcribed protein discovered during the course of this study. It also highlights the 

knowledge gap the study aimed to address and the novelty of the study. 

Chapter 2 is an Overview of the Methodology used throughout the study. It highlights the main 

methods used for each of the subsequent chapters. 

Chapter 3 consists of a published article that reports on a novel genetic variant in the gene NRXN2 

that may be implicated in PD. 

Chapter 4 consists of a published review article that provides further evidence that the neurexin 

gene and protein family may be implicated in neuropsychiatric and neurodegenerative disorders. 

Chapter 5 consists of an article currently under review with the Journal of Neural Transmission. 

It describes functional work done to determine the effect of the variant in a cell culture model of 

PD.  

Chapter 6 consists of an article currently under review with Frontiers in Aging Neuroscience that 

reports on the proteomics analysis of the effect of the variant in a cell culture model of PD. 

Chapter 7 is a submission-ready manuscript that reports on the effect of the variant on its synaptic 

functioning. 

Chapter 8 is the overall Discussion chapter which brings all the sections together. It summarizes 

the PhD study, highlights the limitations and strengths of the study, provides recommendations for 

future studies, and draws a final conclusion of the study. 
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CHAPTER 1 
Introduction 

 

1.1 Parkinson’s Disease 

 

Parkinson’s disease (PD) is the most common neurodegenerative disorder of movement and the 

second most common neurodegenerative disorder after Alzheimer’s disease (AD). It affects 1 – 

2% of the global population over the age of 65 (Antony et al., 2013). However, the prevalence of 

PD has increased by 118% between 1990 and 2015, and it is the fastest growing neurological 

disorder globally (Feigin et al., 2017), affecting over 6 million people (Dorsey et al., 2018). Indeed, 

Feigin et al., (2017) found that PD was the only neurological disorder with increasing age-

standardised rates of deaths, prevalence, and disability-adjusted life years (DALYs) between 1990 

and 2015, while all other neurological disorders examined showed overall decreases. The disorder 

does not have a cure and only limited treatments are available. 

The disease was named after Dr. James Parkinson, a British surgeon who was the first one to 

clearly describe the disorder and its cardinal symptoms in his 1817 treatise, “An Essay on the 

Shaking Palsy” (Parkinson, 2002). However, PD-like symptoms have been recorded as far back as 

2500 years ago in ancient Indian and Chinese medical literature (Zhang et al., 2006; Ovallath and 

Deepa, 2013). 

The classic symptoms of PD as described by Dr. Parkinson are resting tremor, rigidity, 

bradykinesia, and postural instability (Jankovic, 2008). Additionally, other motor symptoms are 

common in PD, such as speech disturbances, problems with swallowing, problems showing facial 

expressions, and involuntary muscle contractions (Mazzoni et al., 2012). There are also multiple 

non-motor symptoms present in PD, the most common of which include constipation and other 

gut problems, sleep disturbances, impaired olfaction, and neuropsychiatric dysfunction (e.g. 

apathy, depression, anxiety, hallucinations) (Poewe, 2008; Bernal-Pacheco et al., 2012). These 

non-motor symptoms severely impact the quality of life for those with PD and in some cases can 

have more of a detrimental effect than the motor symptoms (Gökçal et al., 2017).  
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1.1.1 Neuropathology of Parkinson’s Disease 

 

There are two neuropathological hallmarks of PD. The first is the loss of the dopamine (DA)  

producing neurons of the substantia nigra pars compacta (SNpc) (Figure 1.1), and the second is 

the aggregation of misfolded α-synuclein into cytoplasmic inclusions called Lewy bodies (Dauer 

and Przedborski, 2003).  

Figure 1.1: The neuropathology of Parkinson’s disease. Cross sections of the substantia nigra 

in the midbrain of healthy individuals and individuals with PD. The brains of healthy individuals 

are rich in the pigmented dopaminergic neurons and dopaminergic signalling functions normally. 

Individuals with PD have a loss of pigmented dopaminergic neurons and decreased dopaminergic 

signalling. (Image created in BioRender.com) 
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The SNpc is a component of the midbrain and forms part of the basal ganglia (Figure 1.1). The 

DA neurons in the SNpc are involved in the nigrostriatal pathway which helps control voluntary 

and involuntary movements (Galvan and Wichmann, 2008). Briefly, the nigrostriatal pathway is 

able to excite the direct pathway to facilitate voluntary movements and is able to inhibit the indirect 

pathway to stop unwanted involuntary movements (Galvan and Wichmann, 2008). Therefore, the 

progressive loss of these neurons is what gives rise to the motor symptoms observed in PD.  

However, the non-motor symptoms observed in PD are also caused by neuronal loss (Lim et al., 

2009). Several other peripheral and central neuronal populations are also lost in PD (Grosch et al., 

2016) as they are physiologically similar to the DA neurons of the SNpc (Sulzer and Surmeier, 

2013). These include neurons in the dorsal motor nucleus of the vagus, the pedunculopontine 

nuclei, the medullary reticular formation, the locus ceruleus, the raphe nuclei, and to a lesser extent, 

the retrorubral area and the ventral tegmental area of the brainstem (Sulzer and Surmeier, 2013). 

These neurons have also been shown to degenerate and give rise to the non-motor symptoms of 

PD (Lim et al., 2009).  

 

1.1.2 Treatment of Parkinson’s Disease  

 

The available therapies for PD are palliative in nature since they only focus on treating the 

symptoms of the disorder. Therefore, the basis of most PD therapies is replacing the lost DA 

(Connolly and Lang, 2014). This is achieved by administering the DA precursor, Levodopa (L-

3,4-dihydroxyphenylalanine; L-DOPA) and/or DA agonists (Connolly and Lang, 2014). 

L-DOPA is a precursor to DA in the DA-producing pathway; therefore, its administration increases 

the amount of DA present in the brain. DA agonists mimic the action of DA by binding to and 

activating DA receptors, allowing for better functioning of the nigrostriatal pathway. They are 

more commonly used to treat the symptoms in early disease. Most therapies for PD, however, are 

adjuncts in order to improve their effectiveness and limit their side effects. For instance, DA 

agonists and L-DOPA can be used in conjunction. L-DOPA is also generally coupled with a 

peripheral DOPA decarboxylase inhibitor and may also be coupled with monoamine oxidase B 
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(MAO-B) and catechol O-methyltransferase (COMT) inhibitors. MAO-B and COMT metabolize 

DA in the brain, so inhibiting them can improve the efficiency of the treatment (Finberg, 2019).  

Surgical treatments are also another option. Deep brain stimulation and targeted brain lesions can 

be used when the pharmacological interventions are ineffective. However surgical treatments are 

very expensive and only effective for a select group of individuals (Mitchell and Ostrem, 2020). 

Unfortunately, physicians cannot yet accurately predict which individuals will benefit from 

surgical interventions (Mitchell and Ostrem, 2020).  

There are also multiple therapies for the non-motor symptoms of PD. Antipsychotics and 

antidepressants can be used to treat the neuropsychiatric symptoms, while cholinesterase inhibitors 

can be used for PD patients with dementia (Connolly and Lang, 2014; Seppi et al., 2019; 

Armstrong and Okun, 2020). Medication is also available to assist with gut problems and sleep 

disturbances (Seppi et al., 2019). 

Many of the therapies for PD patients have severe side effects (Suchowersky, 2002). Additionally, 

as PD progresses these medications become less effective and can, in some cases, exacerbate PD 

symptoms, particularly the dyskinesia (Suchowersky, 2002; Connolly and Lang, 2014). Therefore, 

there is an urgent need for more effective, non-palliative therapies with fewer side effects. 

 

1.2 Aetiology and Risk Factors for Parkinson’s Disease 

 

PD is a complex disorder that can present as either sporadic or familial PD. Sporadic forms 

constitute up to 90% of the cases (Yasuda and Mochizuki, 2010), whereas only approximately 

10% of patients report a positive family history (Klein and Westenberger, 2012). In sporadic PD, 

~90 associated loci have been implicated through genome-wide association studies (GWAS) 

(Blauwendraat et al., 2019). These polymorphisms contribute only marginally to disease 

susceptibility (odds ratios (ORs) <1.5, with the majority <1.1).   

Sporadic PD is thought to result from the complex interplay of genetic factors, environmental 

toxins and oxidative stress, which ultimately results in the loss of neurons (Lesage and Brice, 

2009). There are several mechanisms believed to be involved in the development of sporadic PD 
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and these include the aggregation of abnormal protein (Langston, 2006), damage to cellular 

membranes, mitochondrial dysfunction (Winklhofer and Haass, 2010), impaired transportation in 

neural synaptic clefts (Belin and Westerlund, 2008), and apoptosis (Perier et al., 2011). 

Environmental risk factors such as exposure to pesticides, old age and male gender also play 

important roles in the development of sporadic PD (Di Monte et al., 2002). 

Variants consistent with a Mendelian pattern of inheritance are rare and globally account for <1% 

PD.  In total, there are ~30-40 genes ‘linked’ to disease (in genes such as LRRK2 and SNCA), with 

mutant alleles of major effect (ORs >10) (Lill, 2016; Puschmann, 2017).  Currently,  the aetiology 

of familial PD is still better understood than sporadic PD, and has provided clues to the molecular 

pathogenesis of the disorder (Klein and Westenberger, 2012). A summary of these pathways is 

shown in Figure 1.2.  

Figure 1.2: Simplified schematic of the molecular mechanisms implicated in Parkinson’s 

disease. 1) dysregulated proteolysis (UPS, lysosome, and autophagy), 2) oxidative stress, 3) 

calcium accumulation, 4) mitochondrial dysfunction. Gene symbols shown in light green boxes 
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next to a process represent known PD-associated genes that are involved in that particular process. 

Abbreviations: UPS: ubiquitin-proteosome system. (Image created in draw.io)  

In addition, the main functions of the genes conclusively implicated in PD, obtained from UniProt 

(https://www.uniprot.org) (The UniProt Consortium, 2021), are shown in Table 1.1. 

 

1.2.1 Genetic Risk Factors 

 

Research on the genetic aetiology of PD has led to the discovery of “established” PD genes with 

variants that are proven to be pathogenic. These include SNCA, PRKN, PINK1, DJ-1  ̧EIF4G1¸ 

and VPS35 (Table 1.1) (Lill, 2016; Puschmann, 2017). Autosomal dominant PD genes usually 

result in typical late-onset PD, while autosomal recessive genes generally result in early disease 

onset (≤ 50 years).  

More recently, next generation sequencing (NGS) technologies have contributed to the discovery 

of novel genes in large multiplex families, such as VPS35 (Vilariño-Güell et al., 2011; Zimprich 

et al., 2011), CHCHD2 (Funayama et al., 2015), VPS13C (Lesage et al., 2016), TMEM230 (Deng 

et al., 2016) and LRP10 (Quadri et al., 2018), as reviewed in (Pillay et al., 2022).  Therefore, NGS 

approaches have advanced the global understanding of the genetics of PD. 
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Table 1.1: Main functions of the genes conclusively implicated in Parkinson’s disease 

Gene 

Symbol 

Original 

Reference 

Main Function Gene Ontology (GO) Terms 

Molecular Function: Biological Process: 

Autosomal Dominant  

EIF4G1 (Chartier-Harlin 

et al., 2011) 

Component of the protein complex 

eIF4F, which is involved in the 

recognition of the mRNA cap, ATP-

dependent unwinding of 5'-terminal 

secondary structure and recruitment of 

mRNA to the ribosome. 

• initiation factor 

• RNA-binding 

• translational shunt  

 

• host-virus interaction 

• protein biosynthesis 

• translation regulation 

GBA (Sidransky et al., 

2009) 

Glucosylceramidase that catalyses, 

within the lysosomal compartment, the 

hydrolysis of glucosylceramide/GlcCer 

into free ceramide and glucose 

• glycosidase 

• glycosyltransferase 

• hydrolase 

• transferase 

 

• cholesterol metabolism 

• lipid metabolism 

• sphingolipid metabolism 

• steroid metabolism 

• sterol metabolism 

LRP10 (Quadri et al., 

2018) 

Probable receptor, which is involved in 

the internalization of lipophilic 

molecules and/or signal transduction. 

• receptor  

 

• endocytosis 

LRRK2 (Zimprich et al., 

2004) 

Serine/threonine-protein kinase which 

phosphorylates a broad range of 

proteins involved in multiple processes 

• GTPase activation 

• hydrolase 

• kinase 

• autophagy 

• differentiation 
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such as neuronal plasticity, autophagy, 

and vesicle trafficking. 

• serine/ threonine 

protein kinase 

• transferase     

 

SNCA (Polymeropoulos 

et al., 1997) 

Neuronal protein that plays several 

roles in synaptic activity such as 

regulation of synaptic vesicle 

trafficking and subsequent 

neurotransmitter release. 

• ion binding 

• metal binding 

• protein binding 

• synaptic vesicle 

trafficking  

 

• acyl-CoA biosynthesis 

• dopamine biosynthesis 

• long-term neuronal 

synaptic plasticity 

• long-term synaptic 

potentiation 

VPS35 (Vilariño-Güell 

et al., 2011) 

Acts as component of the retromer 

cargo-selective complex (CSC). The 

CSC is believed to be the core 

functional component of retromer or 

respective retromer complex variants 

acting to prevent missorting of selected 

transmembrane cargo proteins into the 

lysosomal degradation pathway. 

• dopamine receptor 

binding  

 

• host-virus interaction 

• protein transport 

• transport 

Autosomal Recessive 

DJ-1 (Bonifati et al., 

2003) 

Multifunctional protein which plays an 

important role in cell protection against 

oxidative stress and cell death acting as 

• Chaperone 

• hydrolase 

• protease 

• autophagy 

• DNA damage 

• DNA repair 
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oxidative stress sensor and redox-

sensitive chaperone and protease. 

• RNA-binding  

 

• fertilization 

• inflammatory response 

• stress response 

FBXO7 (Fonzo et al., 

2009) 

Substrate recognition component of a 

SCF (SKP1-CUL1-F-box protein) E3 

ubiquitin-protein ligase complex which 

mediates the ubiquitination and 

subsequent proteasomal degradation of 

target proteins. Plays a role 

downstream of PINK1 in the clearance 

of damaged mitochondria via selective 

autophagy (mitophagy) by targeting 

PRKN to dysfunctional depolarized 

mitochondria. 

• protein kinase 

binding 

• ubiquitin binding  

 

• ubiquitin-ligase 

conjugation pathway 

PINK1 (Valente et al., 

2004) 

Serine/threonine-protein kinase which 

protects against mitochondrial 

dysfunction during cellular stress by 

phosphorylating mitochondrial proteins 

such as PRKN and DNM1L, to 

coordinate mitochondrial quality 

control mechanisms that remove and 

• kinase 

• serine/ threonine-

protein kinase 

• transferase 

 

• autophagy 
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Functional and gene ontology information was obtained from UniProt (https://www.uniprot.org) (The UniProt Consortium, 2021). 

Abbreviations: DJ-1: deglycase 1; DNM1L: dynamin-1-like protein; EIF4G1:eukaryotic translation initiation factor 4 gamma 1; 

FBXO7: F-box only protein 7; GBA: glucocerebrosidase; GO: gene ontology; LRP10: low density lipoprotein receptor related protein 

10; LRRK2: leucine-rich repeat kinase 2; PINK1: PTEN induced kinase 1; PRKN: parkin; SNCA: α-synuclein; SYNJ1: synaptojanin 

1; VPS35: vacuolar protein sorting ortholog 35 

 

 

 

replace dysfunctional mitochondrial 

components. 

PRKN (Kitada et al., 

1998) 

Functions within a multiprotein E3 

ubiquitin ligase complex, catalysing the 

covalent attachment of ubiquitin 

moieties onto substrate proteins. 

• transferase  

 

• autophagy 

• transcription 

• transcription regulation 

• ubiquitin-ligase 

conjugation pathway 

SYNJ1 (Krebs et al., 

2013) 

Phosphatase that acts on various 

phosphoinositides, including 

phosphatidylinositol 4-phosphate, 

phosphatidylinositol (4,5)-bisphosphate 

and phosphatidylinositol (3,4,5)-

trisphosphate.  

• hydrolase 

• RNA binding  

 

• endocytosis 

• lipid metabolism 
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1.3 Parkinson’s Disease Genetic Studies in Sub-Saharan Africa 

 

While the prevalence of PD in Sub-Saharan Africa (SSA) has been reported to be low ranging 

from 7/100 000 in Ethiopia  to 67/100 000 in Nigeria (Williams et al., 2018), SSA is expected to 

face a future surge in age-related disorders, including PD, due to the gradual improvement in 

quality of life and increased life expectancy (Velkoff and Kowal, 2006; Lekoubou et al., 2014; 

Bower, 2017). Therefore, it is important to better understand the aetiology of PD in SSA including 

the genetic factors, in order to manage this impending health care burden. 

However, in contrast to the global advances in the understanding of PD genetics, studies in SSA 

populations are scarce (Schumacher-Schuh et al., 2022). Most genetic PD research in this region 

is conducted in South Africa and has involved the screening of known candidate genes (Dekker et 

al., 2020). These, and other studies, have shown that known PD mutations appear to be only minor 

contributors to the aetiology of PD in SSA populations (Okubadejo et al., 2008; Bardien et al., 

2009, 2010; Keyser et al., 2009, 2010; Cilia et al., 2012; Yonova-Doing et al., 2012; Blanckenberg 

et al., 2013, 2014; van der Merwe et al., 2016). Therefore, there is an urgent need to bridge the 

knowledge gap on the genetics of PD in SSA populations. 

 

1.4 South African Parkinson’s Disease Study Collection 

 

As a step towards helping to bridge this knowledge gap, our research group is recruiting individuals 

with PD from the South African (SA) population for genetic studies. We recruited 687 unrelated 

individuals from different ancestral groups across SA. A summary of this study collection is 

provided in Jansen van Rensburg et al., (2022). The ancestral breakdown is as follows: European 

(30%), Afrikaner European (28.1%), Mixed (26.2%), African (14.8%), and Indian (0.9%). We 

found that more men had PD than women, similar to global studies on PD. Interestingly, we also 

found that Afrikaner Europeans had more cases of early onset PD compared to the other ancestral 

groups.  
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One of our Afrikaner European probands has a family history of PD and we were able to recruit 

other family members for further studies. This family was the two hundred and fifty third family 

to be recruited and is denoted as ZA253. This family, and the whole exome sequencing (WES) 

approach used in an attempt to identify a possible novel PD-causing genes, forms the basis of the 

present study. 

 

1.5 Family ZA253 

 

The complete pedigree of family ZA253, contains 57 individuals, and in total, eight members were 

reported to have PD. Five individuals affected with PD and four unaffected family members 

consented to be recruited for this study. A simplified version of the pedigree indicating the family 

members who took part in this study is shown in Figure 1.3. The patient labelled as individual III-

8 (proband) was the first individual to be diagnosed with PD and his age at onset (AAO) was 48 

years. His siblings were subsequently assessed, and his brother (III-7) was also confirmed as 

having PD, with an AAO of 42 years. Patient IV-2, the nephew of the two affected siblings, was 

diagnosed with early-onset PD at the age of 37 years. Individual III-6 was diagnosed with mild 

generalized bradykinesia at age 70. Individual III-2 was the most recent individual in the family 

to be diagnosed with PD, in 2017. However, she presented as typical idiopathic PD, with AAO of 

75 years. Further clinical information on these family members is present in Chapter 3 of this 

dissertation. 
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Figure 1.3. Simplified pedigree of the South African family ZA253. Circles denote females and 

squares depict males. The filled in symbols indicate affected individuals. A diagonal line indicates 

that the person is deceased, and the arrow indicates the proband. The numbers below each 

individual represent the laboratory ID number and the age at onset. (Image obtained from Sebate, 

Cuttler et al., 2021)) 

 

1.6 The Neurexin Protein Family 

 

Since a variant in the neurexin 2 (NRXN2) gene was identified in our study, a brief overview of 

this protein family will be provided. Neurexins (NRXNs) are a family of highly polymorphic 

transmembrane proteins that are highly expressed in the brain (Schreiner et al., 2014, 2015).They 

were first identified as calcium-dependent α-latrotoxins present at the synapse (Ushkaryov et al., 

1992). Thousands of isoforms of the three neurexin genes (NRXN 1, 2 and 3) can be generated 

since each gene has multiple promoters and alternative splicing is common (Missler and Südhof, 

1998). Though these isoforms co-express, they each have different mRNA sequences and are 
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therefore differentially expressed in different brain regions according to their specific function 

(Ullrich et al., 1995; Schreiner et al., 2014, 2015).  

An α and β transcript is produced by each NRXN gene (Figure 1.4). The α forms are composed of 

six large extracellular laminin/neurexin/sex-hormone binding (LNS) globulin domains with three 

interspersed epidermal growth factor (EGF)-like regions. The β forms are shorter and only have 

the sixth extracellular LNS domain and no EGF-like regions (Missler and Südhof, 1998; Rudenko 

et al., 1999, 2001). Intracellularly, all neurexins contain a transmembrane region, carboxy terminus 

and short tail. 

Figure 1.4: Location and structure of neurexins. A) Neurexins are located in the pre-synaptic 

membrane and commonly bind with post-synaptic neuroligins. B) Each NRXN gene encodes both 

a long α transcript and a short β transcript. Abbreviations: NRXN: neurexin; NLGN: neuroligin; 

SP: signalling peptide; LNS: laminin/neurexin/sex-hormone binding domain; EGF: epidermal 

growth factor like region; TM: transmembrane region; PDZ: domain binding site. (Image created 

in BioRender.com)  
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1.6.1 Functions of Neurexins 

 

 

 

 

  

 

 

 

 

  

 

1.6.2 NRXN2α 

 

The protein of interest for this study, NRXN2α, is known to be involved in calcium channel 

regulation, synaptic organization, neuronal cell adhesion, transmembrane signaling and neuroligin 

family protein binding (Craig and Kang, 2007). It is also highly expressed in the SNpc, the main 

region of the brain affected by PD. Studies on NRXN2α in disease are limited, but they implicate 

the protein in neuronal and synaptic disorders. A study on synaptic impairment in mice observed 

the dysregulation of neurotransmitter release and synaptic trafficking when both NRXN1 and 

Neurexins are embedded in the presynaptic membrane  and interact with key postsynaptic surface

proteins  (Figure  1.4),  such  as  neuroligins  (NLGNs)  (Craig  and  Kang,  2007;  Mukherjee  et  al.,

2008), cerebellin-1 precursor (CBLN1), δ-type glutamate receptor (GluRδ)  (Uemura et al., 2010)

and leucine-rich repeat transmembrane neuronal proteins (LRRTMs)  (de Wit et al., 2009; Ko et 

al.,  2009;  Siddiqui  et  al.,  2010).  However,  it  must  be  noted  that  these  binding  partners  may  be 

specific to different neurexins. In general, neurexins are  thus  considered an important family of 

synaptic regulation proteins. A more in-depth examination of neurexin binding partners is  provided 

in  Chapter  4.

Inactivation  of  NRXN1  is  associated  with  multiple  neurodevelopmental  disorders,  such  as 

schizophrenia, epilepsy and autism spectrum disorders  (Schaaf et al., 2012; Møller et al., 2013;

Dachtler et al., 2014, 2015; Yangngam et al., 2014; Chen et al., 2017). Research into NRXN3 is 

more limited, however it has also been implicated in autism  spectrum disorder  (Vaags et al., 2012)

and is associated with genetic vulnerability to addictive behaviours, such as smoking  (Docampo 

et al., 2012).  Interestingly, a recent longitudinal study on the blood  transcriptome of PD patients 

has revealed neurexin-neuroligin signalling to be an important pathway in the disorder  (Koks et 

al., 2022).  They found that nascent transcription of introns causes substantial changes in cellular 

pathways and that this may underpin the molecular pathology of  PD  (Koks et al., 2022).  The link 

between  NRXN2  and human disease is elaborated on in the following section.
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NRXN2 were inactivated (Dachtler et al., 2015). In an animal study, NRXN2α knockout mice 

displayed a dramatic impairment in synaptic transmission, likely due to the loss in presynaptic 

Ca2+ influx (Missler et al., 2003). In another animal study, mutated mouse NRXN2α cDNA 

resulted in a loss of synaptic activity and failure to cluster glutamatergic components, namely 

LRRTM2, PSD-95, NLGN2 and gephyrin, at the dendrite contact sites (Tabuchi and Südhof, 

2002). The mutation was present at the end of the fourth LNS domain and resulted in the loss of 

approximately half of the NRXN2α protein, including the binding sites for NLGNs and LRRTMs 

(Tabuchi and Südhof, 2002).  

More recently, Naito et al., (2017) investigated whether neurexins play a role in AD. They 

observed an interaction between amyloid beta (Aβ) oligomers and NRXN1/2 that diminished 

presynaptic organization (Naito et al., 2017). In addition, Brito-Moreira et al., (2017) found that 

Aβ oligomers interact specifically with NRXN2α and neuroligin 1 (NLGN1) to mediate synapse 

damage and memory loss in mice. Thus, it was hypothesized that these interactions could result in 

the synaptic pathology that is present in AD (Naito et al., 2017).  

Taken together, these previous studies show that the loss of or dysregulated function of NRXN2α 

causes an impairment in synaptic activity and have implicated the protein in AD aetiology. Thus, 

it is this possible that neurexins may play a similar role in the synaptology of PD. 

 

1.7 The Present Study 

 

1.7.1 The Problem Statement 

 

There is a large knowledge gap regarding the genetics of PD in SSA (Schumacher-Schuh et al., 

2022). Studies have shown that the known PD pathogenic variants may be minor contributors to 

these populations. Also, the genetic architecture of the people of SSA appears to be different from 

that of other populations outside Africa and in parts of Africa outside SSA (Gomez et al., 2014; 

Lekoubou et al., 2014). It is therefore speculated that due to the rich genetic heterogeneity present 

in the region, there are unique genotypes, environmental factors, and cultural influences which 
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may affect the disease phenotypes displayed in the region (Gomez et al., 2014; Lekoubou et al., 

2014). As a result, it is plausible to speculate that the treatment strategies that are effective in the 

widely studied European ancestry populations may not be as efficacious in SSA. Therefore, it is 

important to study SSA populations to identify novel genetic contributors to the disorder in order 

to improve our understanding of PD in these populations and potentially develop better treatment 

strategies for these populations. 

In order to add to the limited studies on genetic studies on SSA individuals we PD, in the present 

study we recruited a multiplex SA family of Afrikaner European ancestry with early onset PD in 

order to investigate the genetic aetiology of the disorder. However, it is not sufficient to only 

identify candidate genes, it is also important to perform functional studies to validate them. These 

functional studies will hopefully aid in improving our understanding of the pathways involved in 

PD. Ultimately, this knowledge could lead to a better understanding of the disorder and potentially 

assist in the development of improved therapeutic modalities.  

 

1.7.2 Hypothesis 

 

We hypothesize that due to the unique ancestry of the South African population that we will find 

a novel PD-causing gene in our multiplex family, and that this gene will provide new insights into 

the pathobiology of PD. 

 

1.7.3 Aims and Objectives 

 

The aims of this study were thus to identify the genetic cause underlying PD in a SA multiplex PD 

family. Thereafter, to use a range of wet-lab and in-silico approaches to study its effect on various 

aspects of cellular and mitochondrial function as well as protein structure.   

In order to achieve this, the following objectives were set: 
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1) Perform whole exome sequencing (WES) and bioinformatic analysis to identify the causal 

genetic factor in the South African family  

2) Write a literature review about evidence for the involvement of the protein of interest in 

neurodegenerative and neuropsychiatric disorders 

3) Generate a mutant plasmid from the wild-type plasmid using site-directed mutagenesis and 

transfect SH-SY5Y neuroblastoma cells, as a cellular model to study the effect of the variant  

4) Measure the effects of the variant on cell viability, cytotoxicity and apoptosis using functional 

assays 

5) Measure the effects of the variant on various features of mitochondrial function including 

membrane potential, the mitochondrial network and oxidative stress using fluorescent probe-based 

assays 

6) Investigate evidence for dysregulated biological pathways caused by the variant using 

proteomics analysis 

7) Perform molecular dynamics simulations of the wild-type and mutant protein in complex with 

a known interactor to determine changes in protein stability, as well as determine the effect of the 

variant on protein-protein binding using GROMACS  

8) Perform an in vitro assay to better understand how the variant affects one of the main functions 

of the protein of interest  
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CHAPTER 2 
Overview of Methodology 

 

This chapter provides a broad overview of all the Methods used in this dissertation in Chapters 3 

to 7. An outline of the experimental approach is provided in Figure 2.1. The Standard Operating 

Procedures (SOPs) referred to are in Appendix I. 

 

Chapter 3: 

 

A multiplex SA family with familial PD was recruited for genetic analysis in an attempt to 

determine the genetic aetiology of the disease. This family comprises five affected individuals who 

were examined by a movement disorder specialist and diagnosed according to the United Kingdom 

(UK) Parkinson’s Disease Society Brain Bank Research criteria. Peripheral blood samples were 

collected from the study participants and genomic DNA was extracted according to the procedure 

for the phenol-chloroform DNA extraction (Appendix I: SOP LM-018). WES was performed on 

three affected individuals using an Illumina HiSeq 2000 and variants were annotated to the 

GRCh37/human genome 19. After exclusion of synonymous, common, non-co-segregating and 

homozygous variants, the remaining variants were validated using Sanger sequencing. We then 

utilized functional prediction tools, pathway and expression analysis, and examined the frequency 

of these variants in control populations. One variant was prioritised for further study. Thereafter, 

we created a homology model of the protein of interest, NRXN2α, using Swissmodel with the Bos 

taurus crystal structure of neurexin 1 alpha (PDBID: 3R05) as the template. We then performed 

molecular dynamics simulations using GROMACS to analyze the effect of the variant on the 

structure of the protein.  
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Chapter 4: 

 

After prioritizing a variant in NRXN2 as a possible candidate gene in our multiplex family, we 

wanted to investigate the potential roles of neurexins in disease. First, we examined the biological 

pathways and interacting partners of neurexins using STRING (https://string-db.org) (Szklarczyk 

et al., 2019) and GeneMANIA (https://genemania.org) (Warde-Farley et al., 2010) to understand 

the broader pathways that neurexins are involved in. Thereafter, we performed a literature search 

on neurexins in both neurodegenerative disorders (such as AD, Huntington’s disease (HD), and 

PD) as well as neuropsychiatric disorders (such as autism spectrum disorders and schizophrenia). 

The main findings of the studies were then summarized and discussed. 

 

Chapter 5: 

 

Next, we wanted to perform functional studies on the prioritised variant to better understand its 

potential role in PD. To this end, we obtained the NRXN2α-ECFP-N1 plasmid from Prof. Ann 

Marie Craig (University of British Columbia, Canada), which expresses mouse NRXN2α. We 

used site-directed mutagenesis to generate the mutant plasmid (p.G882D in our mouse model) 

(Appendix I: SOP LM-030). The plasmids were transfected into SH-SY5Y neuroblastoma cells 

(Appendix I: SOP TC_LM-002). General cell culture was performed as per the SOP TC_LM-

001 (Appendix I). After transfection, functional assays were performed to evaluate the effect of 

the variant on cellular viability and apoptosis, mitochondrial membrane potential and 

mitochondrial fragmentation, as well as H2O2 levels as a proxy for oxidative stress. 

 

Chapter 6: 

  

Additionally, in order to obtain a better understanding of the pathways affected by NRXN2, we 

wanted to analyze our cells using proteomics. As before, we used the wild-type NRXN2α-ECFP-

N1 plasmid and our generated mutant plasmid and transfected them into SH-SY5Y cells. Total 
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protein was then isolated from these cells and prepared for mass spectrometry. A Thermo Scientific 

Fusion mass spectrometer equipped with a Nanospray Flex ionization source was used. The data 

was interrogated against the UniProt H. sapiens database (The UniProt Consortium, 2021). Unique 

proteins were detected, and significantly differentially abundant proteins were determined using a 

student’s t-test. Data was then uploaded to WebGestalt (http://www.webgestalt.org) (Liao et al., 

2019), KEGG (https://www.kegg.jp) (Kanehisa et al., 2021) and STRING (https://string-db.org) 

(Szklarczyk et al., 2019) to perform enrichment and pathway analysis.   

 

Chapter 7: 

 

Since NRXN2α functions mainly as a synaptic protein, we wanted to evaluate the effect of the 

prioritised variant on synapse function. To this end, we created a homology model of NRXN2α 

bound to a known interactor at the synapse, neuroligin 1 (NLGN1). We utilized our previous 

homology model of NRXN2α from Sebate et al., (2021) and NLGN1 extracted from PDBID: 

3BIW [Neuroligin-1/Neurexin-1beta synaptic adhesion complex, Rattus norvegicus (rat)]. 

Structures were superimposed together using PyMol (DeLano, 2002). NRXN2α is located in the 

pre-synapse and commonly binds to NLGN1, which is located in the post-synapse. We then 

performed molecular dynamic simulations using GROMACS (Van Der Spoel et al., 2005) to 

analyze the effect of the variant on NRXN2α-NLGN1 binding. Thereafter, we wanted to examine 

synapse formation. To this end, we differentiated SH-SY5Y cells with retinoic acid, as per the 

SOP TC_LM-004 (Appendix I). Thereafter, we transfected these cells with the wild-type 

NRXN2α-ECFP-N1 and mutant plasmids. We then stained for synaptic markers using 

immunofluorescence (Appendix I: SOP LM-048) and evaluated synapse formation 

microscopically. 
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Figure 2.1: Outline of the current PhD study. Each block corresponds to one chapter of the 

dissertation. The individual boxes within the block represents the overarching methodology used 

in that chapter. Abbreviations: CFP: cyan fluorescent protein; MD: molecular dynamic; MUT: 

mutant; NLGN1: neuroligin 1; NRXN2α: neurexin 2α; ROS: reactive oxygen species; SH-SY5Y: 

neuroblastoma cells; WT: wild-type 
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CHAPTER 3 
Identification of a Novel Variant 

 

This chapter consists of a peer-reviewed published article that addressed Objective 1 of this study. 

In this chapter, members of family ZA253 were whole exome sequenced to identify a possible 

pathogenic variant. Molecular dynamic simulations were then performed to analyse the effect 

prioritised variant on the protein’s structure. 

 

Published Article: Prioritization of candidate genes for a South African family with Parkinson’s 

disease using in-silico tools 

Authors: Sebate, B☯., Cuttler, K.☯, Cloete, R., Britz, M., Christoffels, A., Williams, M., Carr, J. 

and Bardien, S. 

☯ These authors contributed equally to this work 

Journal: PLoS ONE (Impact Factor: 3.240) 

DOI: https://doi.org/10.1371/journal.pone.0249324 

Supplementary Material: This follows directly after the published article, in text, but can also be 

found in the online version of the article. However, Supplementary Table S3, an Excel spreadsheet 

which lists all the variants found, has not been included in text. 

 

 

 

 

 

Stellenbosch University https://scholar.sun.ac.za

https://doi.org/10.1371/journal.pone.0249324
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0249324


24 

 

Declarations 

Declaration by the candidate 

With regard to the published original research article (DOI: 

https://doi.org/10.1371/journal.pone.0249324) constituting Chapter 3 of the dissertation, the 

nature and scope of my contributions were as follows: 

Screened controls for identified variants, revised and edited first draft to conform with journal 

requirements and submitted to co-authors, collated all supplementary material of the article, 

reviewed, and edited the manuscript, and made reviewers’ corrections (extent of contribution = 

40%). 

Disclaimer: This article was published under an Open Access CC-BY license. Therefore, this 

article is permitted to be included in full or in part in a thesis or dissertation for non-commercial 

purposes without the need to request permission from the publisher (PLoS). 

The following co-authors have contributed to Chapter 3: 

Name E-mail Address Nature of Contribution Extent of 

Contribution 

(%) 

Boiketlo Sebate Miss.sebate@gmail.com  • Performed experiments 

and analyzed data.  

• Wrote the first draft of 

the manuscript.  

40 

Ruben Cloete ruben@sanbi.ac.za  • Modelled NRXN2 

structure and performed 

molecular dynamic 

simulations.  

• Manuscript review and 

editing. 

5 

Marcell Britz marcellb@mweb.co.za • Family recruitment and 

clinical expertise.  

• Manuscript review and 

editing. 

2 

Alan Christoffels alan@sanbi.ac.za • Manuscript review and 

editing. 

2 

Monique 

Williams 

monique.williams@uct.ac.za • Manuscript review and 

editing. 

2 

Jonathan Carr jcarr@sun.ac.za • Family recruitment and 

clinical expertise.  

• Manuscript review and 

editing. 

4 

Stellenbosch University https://scholar.sun.ac.za

https://doi.org/10.1371/journal.pone.0249324
mailto:bshotbibi@gmail.com
mailto:ruben@sanbi.ac.za
mailto:marcellb@mweb.co.za
mailto:alan@sanbi.ac.za
mailto:monique.williams@uct.ac.za
mailto:jcarr@sun.ac.za


25 

 

Soraya Bardien sbardien@sun.ac.za • Research project 

conception and 

organization.  

• Manuscript review and 

editing. 

5 

 

Signature of candidate: 

Date: 10/03/2022 

 

Declaration by co-authors 

The undersigned hereby confirm that 

1. the declaration above accurately reflects the nature and extent of the contributions of the 

candidate and the co-authors to Chapter 3, 

2. no other authors contributed to Chapter 3, besides those specified above, and 

3. potential conflicts of interest have been revealed to all interested parties and that the necessary 

arrangements have been made to use the material in Chapter 3 of this dissertation. 

Name Signature Affiliation Date 

Boiketlo Sebate 

 

Stellenbosch University, Cape Town, 

South Africa 

23/02/2022 

Ruben Cloete  South African National Bioinformatics 

Institute (SANBI), University of the 

Western Cape, Cape Town, South 

Africa 

24/02/2022 

Marcell Britz  Greenacres Medical Centre, Port 

Elizabeth, South Africa 

23/02/2022 

Alan Christoffels  South African National Bioinformatics 

Institute (SANBI), University of the 

Western Cape, Cape Town, South 

Africa 

08/03/2022 

Stellenbosch University https://scholar.sun.ac.za

mailto:sbardien@sun.ac.za


26 

 

Monique Williams 

 

University of Cape Town, Cape Town, 

South Africa  

24/02/2022 

Jonathan Carr 

 

Stellenbosch University, Cape Town, 

South Africa 

22/02/2022 

Soraya Bardien 

 

Stellenbosch University, Cape Town, 

South Africa 

10/03/2022 

 

 

 

 

Stellenbosch University https://scholar.sun.ac.za



RESEARCH ARTICLE

Prioritization of candidate genes for a South

African family with Parkinson’s disease using

in-silico tools

Boiketlo Sebate1☯, Katelyn CuttlerID
1☯, Ruben CloeteID

2*, Marcell Britz3,

Alan Christoffels2, Monique Williams4¤, Jonathan Carr5, Soraya BardienID
1*

1 Division of Molecular Biology and Human Genetics, Department of Biomedical Sciences, Faculty of

Medicine and Health Sciences, Stellenbosch University, Cape Town, South Africa, 2 South African Medical

Research Council Bioinformatics Unit, South African National Bioinformatics Institute, University of the

Western Cape, Cape Town, South Africa, 3 Greenacres Medical Centre, Port Elizabeth, South Africa,

4 Division of Molecular Biology and Human Genetics, Department of Biomedical Sciences, NRF/DST Centre

of Excellence for Biomedical Tuberculosis Research, South African Medical Research Council Centre for

Tuberculosis Research, Faculty of Medicine and Health Sciences, Stellenbosch University, Cape Town,

South Africa, 5 Division of Neurology, Department of Medicine, Stellenbosch University, Cape Town, South

Africa

☯ These authors contributed equally to this work.

¤ Current address: Department of Molecular and Cell Biology, University of Cape Town, Cape Town, South

Africa

* sbardien@sun.ac.za (SB); ruben@sanbi.ac.za (RC)

Abstract

Parkinson’s disease (PD) is a neurodegenerative disorder exhibiting Mendelian inheritance

in some families. Next-generation sequencing approaches, including whole exome

sequencing (WES), have revolutionized the field of Mendelian disorders and have identified

a number of PD genes. We recruited a South African family with autosomal dominant PD

and used WES to identify a possible pathogenic mutation. After filtration and prioritization,

we found five potential causative variants in CFAP65, RTF1, NRXN2, TEP1 and CCNF. The

variant in NRXN2 was selected for further analysis based on consistent prediction of delete-

riousness across computational tools, not being present in unaffected family members, eth-

nic-matched controls or public databases, and its expression in the substantia nigra. A

protein model for NRNX2 was created which provided a three-dimensional (3D) structure

that satisfied qualitative mean and global model quality assessment scores. Trajectory anal-

ysis showed destabilizing effects of the variant on protein structure, indicated by high flexibil-

ity of the LNS-6 domain adopting an extended conformation. We also found that the known

substrate N-acetyl-D-glucosamine (NAG) contributed to restoration of the structural stability

of mutant NRXN2. If NRXN2 is indeed found to be the causal gene, this could reveal a new

mechanism for the pathobiology of PD.
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Introduction

Parkinson’s disease (PD), the most common neurodegenerative movement disorder, is charac-

terized by loss of dopaminergic neurons in the substantia nigra. PD affects motor, autonomic

and cognitive functioning, as well as overall mood and behavior [1]. Research on PD has firmly

established the role of genetic factors in its etiology. To date, several PD-associated genes have

been identified through linkage analysis including LRRK2, SNCA, DJ-1, PRKN, PINK1 and

SYNJ1 [2, 3]. More recently, next-generation sequencing (NGS) has contributed to the discov-

ery of novel genes including VPS35 [4, 5], CHCHD2 [6], VPS13C [7], TMEM230 [8] and

LRP10 [9]. These NGS technologies, namely whole exome sequencing (WES) and whole

genome sequencing (WGS), provide the entire exome or genome of an individual at an afford-

able cost [10]. WES generates 20,000 to 30,000 variants, per individual [11], far less compared

to WGS. However, it still requires filtration and prioritization analysis of variants into a work-

able list of candidates because it is not feasible to determine the effect of all variants, with func-

tional experiments.

Currently, there is no standard filtration protocol, and it is a lengthy and complicated task

that requires the use of several bioinformatic platforms [12]. These computational prediction

tools allow prioritization of potentially deleterious variants over other variants. Sequence-

based tools use computational algorithms based on amino acid physicochemical properties,

protein structure and cross-species conservation. These include SIFT [13], PolyPhen-2 [14],

MutationTaster [15], MAPP [16] and Panther [17]. Studies have compared multiple tools con-

cluding that the algorithms were informative and valuable in determining the impact of the

variant, although they had high rates of both false-positive and false-negative predictions [18,

19]. To address this shortfall, new meta-tools were developed such as CADD (Combined

Annotation Dependent Depletion) [20, 21]. CADD achieves better performance by combining

the predictive scores of multiple prediction tools into one unified score of potential deleteri-

ousness, and for all 8.6 billion possible human mutations, it compares variants that survived

natural selection with simulated mutations.

Assessing the frequency of genetic variants in population databases such as the Genome

Aggregation Database (gnomAD) [22], the 1000 Genomes Project [23] and dbSNP [24] can

also be used to prioritize variants. A minor allele frequency (MAF) threshold of� 1% is typi-

cally used to select potential pathogenic mutations by filtering out polymorphisms, based on

the premise that risk alleles occur at low frequencies due to negative selection against deleteri-

ous mutations [25]. Furthermore, co-segregation analysis of the variant within families is

invaluable for interpreting the variant’s significance. However, phenocopies (present at rela-

tively high levels in PD [26]) as well as non-manifesting mutation carriers need to be taken

into account in family studies.

In the present study, a multiplex South African family with PD was recruited for genetic

analysis. WES variants were filtered and prioritized using various computational tools, and

additionally structural methods (DUET webserver) and molecular dynamic simulation analy-

sis were performed. Using this approach, we excluded all known PD-associated mutations and

identified a novel variant in a gene, not previously implicated in PD, for further functional

studies.

Materials and methods

Ethical considerations

Ethical approval was obtained from the Health Research Ethics Committee of Stellenbosch

University, Cape Town, South Africa (Protocol number 2002/C059). The research was
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performed in accordance with the relevant guidelines and regulations. Written informed con-

sent was obtained from all study participants.

Study participants

Initially, we selected 11 multiplex South African families from our PD study collection for

WES. These families were selected on the basis of having DNA available of at least two affected

second degree relatives, PD had been diagnosed by a neurologist, and at least one individual

had young-onset PD. WES was performed on a total of 24 affected individuals from these fam-

ilies. One of these families self-identified as Afrikaner and is the subject of the present study.

The Afrikaner is a group that is unique to South Africa, and whose ancestry can be traced to

people of predominantly Dutch but also German and French ancestry [27]. The family (ZA

253) comprises five PD affected individuals who were examined by a movement disorder spe-

cialist and diagnosed according to the UK Parkinson’s Disease Society Brain Bank Research

criteria [28]. A total of 218 unrelated ethnic-matched individuals were recruited as controls

from the Western Province Blood Transfusion Service in Cape Town. These individuals were

not clinically assessed for PD. Peripheral blood samples were collected from the study partici-

pants and genomic DNA was extracted according to the procedure for the phenol-chloroform

DNA extraction, as previously described [29].

Whole exome sequencing

WES was performed on three affected individuals using an Illumina HiSeq 2000, enrichment

for exonic regions was performed according to the Agilent SureSelect Custom Enrichment Kit

protocol. Burrows-Wheeler Aligner (BWA-MEM) [30] was used to align sequence reads or

assembly contigs against a large reference, duplicate removal, SNP calling and indel detection.

ANNOVAR software [31] was used to annotate the variants using GRCh37/human genome 19

as the reference genome. The Genome Analysis Toolkit (GATK) was used for variant calling

and described variants as either exonic, intronic, in the UTR or splice-site region by compari-

son with a reference sequence [31]. To provide a summary of the coverage of mapped reads on

a reference sequence at a single base pair resolution, SAMtools mpileup and the Minimum var-

iant QUAL score of 30 was used.

Validation using Sanger sequencing

Oligonucleotide primers were designed using sequence data obtained from the Ensembl

Genome Browser database (http://www.ensembl.org). In silico verification of primers was con-

ducted on Primer3 software version 4.0.0 (http://primer3.ut.ee) [32], as well as on Basic Local

Alignment Search Tool (BLAST) (http://www.ncbi.nlm.nih.gov/BLAST). Forward and reverse

PCR primers sequences, annealing temperatures and the sizes of the PCR products are avail-

able upon request.

Polymerase chain reaction (PCR)

To amplify the fragments of interest for Sanger sequencing, 25μl PCR reactions containing

template genomic DNA, 20 μmoles of each of the forward and reverse primers, 2.5 μM dNTPs

(Promega, Madison, Wisconsin, USA), 1.5 nm MgCl2, 1X Green GoTaq1 Reaction Buffer

(Promega, Madison, Wisconsin, USA) and 0.01U GoTaq1 G2 Flexi DNA Polymerase (Pro-

mega, Madison, Wisconsin, USA) was used. Amplification was performed in an ABI 2720

Thermal Cycler (Applied Biosystems Inc., Foster City, California, USA). To visualize the PCR

amplicons and to investigate if non-specific primer binding or contamination was present,
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agarose gel electrophoresis was used. PCR amplicons were visualized using a SynGene UV gel

documentation system (Synoptics Ltd., Cambridge, UK) with GeneTools software version

3.0.6 (Synoptics Ltd., Cambridge, UK).

Screening of controls

HRM analysis detects the shift in fluorescence as a double-stranded PCR product dissociates

to single-stranded DNA with increasing temperature. For this analysis, PCR was performed

with the inclusion of 1% SYTO9 fluorescent dye (Invitrogen, USA). The melting temperature

conditions ranged from 75˚C to 95˚C rising by 0.1˚C increments on a Rotor-Gene 6000 ana-

lyzer (Corbett Life Science, Australia). The resulting thermal denaturation profile is unique to

that specific PCR product, because DNA strand melting depends on sequence length, bases

and GC content (HRM Assay Design and Analysis Booklet; http://www.corbettlifescience.

com/shared/Rotor-Gene%206000/hrm_corprotocol.pdf). Samples with known variants were

included as positive controls, for comparison. A negative control was included in each run to

monitor contamination.

In-silico functional prediction tools

To investigate the variants identified, computational analysis was performed. Public mutation

databases were searched to determine the frequency of the variants, these included EXAC

Database (http://exac.broadinstitute.org/), gnomAD (https://gnomad.broadinstitute.org/), the

1000 Genomes Project (http://browser.1000genomes.org/index.html) and dbSNP (https://

www.ncbi.nlm.nih.gov/snp). Functional predictions were determined from sequence homol-

ogy–based programs namely Sorting Intolerant From Tolerant (SIFT; http://sift.jcvi.org/),

PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), MutationTaster (http://www.

mutationtaster.org/) and Combined Annotation Dependent Depletion (CADD; http://cadd.

gs.washington.edu/). To determine evolutionary constraint acting on genomic sites GERP+

+ was used (http://mendel.stanford.edu/SidowLab/downloads/gerp/).

SIFT and PolyPhen-2 both report results in terms of pathogenic scores accompanied by the

prediction (Benign, Tolerated or Deleterious). MutationTaster scores the amino acid change

then reports one of two predictions based on its disease-causing threshold (Disease causing or

Neutral). CADD integrates 63 predictive features in total which includes the scores of SIFT,

GERP++, PolyPhen-2 as well as CpG distance (a short stretch of DNA in which the frequency

of the CG sequence is higher than other regions), and total GC content. It reports phred-like

scores (“scaled C-scores”) ranging from zero to 50, the variant that is predicted to be among

the 10% most deleterious substitutions that can occur in the human genome at that specific

base position, is assigned a score of 10 or greater. While variants in the 1% most deleterious

substitutions are assigned values of 20 or greater and those within 0.1% of the highest possible

substitutions at that specific locus are assigned values of 30 or greater. Thus, the higher the

CADD score the more likely it is that the variant is highly pathogenic. GERP++ uses maximum

likelihood evolutionary rate estimation for position-specific scoring, the score ranges from

-12.3 to 6.17. The closer the score is to 6.17, a value that represents the most conserved a region

can be, the greater the level of evolutionary constraint inferred to be acting on that site.

Pathway and expression analysis

To prioritize the variants, pathway analysis was performed using KEGG Pathways Analysis

(http://www.genome.jp/kegg/pathway.html) and Pathway Analysis (http://www.pantherdb.

org/pathway/).The publicly available expression databases accessed were the Allen Brain Atlas

(www.brain-map.org/) and Human Protein Atlas (https://www.proteinatlas.org/). Both
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database record human mRNA expression data but Allen brain Atlas gives only brain regional

whole-transcriptome gene expression data.

NRXN2 protein structure modelling

The three dimensional (3D) structure for human NRXN2 has not yet been resolved experi-

mentally and was predicted using the online Swissmodel Webserver [33]. Prior to modelling,

Swissmodel constructs an alignment between the target amino acid sequence of NRXN2 and

potential homologous templates by performing a position specific iterative (PSI-BLAST)

against the non-redundant protein databank (PDB) sequences [34]. Once a suitable template

was identified then the actual modelling step was invoked by submitting the alignment to the

Swissmodel webserver. Subsequent, to the modelling of NRXN2 the quality of the protein

model was assessed using Swissmodel inbuilt assessment methods Global Model Quality Esti-

mation (GMQE) and QMEAN6 composite score as well as performing a structural alignment

of atoms between the NRXN2 protein structure and the homologous template using the Pymol

align command to calculate the RMSD [35]. Usually models with a lower RMSD value suggest

very little deviation between the backbone atoms of the protein model and the homologous

template.

Molecular dynamic simulation

We prepared in total four simulation systems for NRXN2, each consisting of the wild type

(WT) NRXN2 with and without sugar moeity N-acetyl-D-glucosamine (NAG) and mutant

(MUT) structures NRNX2 with and without NAG, for simulation studies. The sugar moiety

NAG was extracted from the homologous template PDBID: 3R05 (NEUREXIN-1-ALPHA;

BOS TAURUS) by superimposition using PyMol. The NAG was included because it is impor-

tant for glycosylation of membrane proteins whereby glycans are attached to proteins neces-

sary for protein-protein interactions. All the simulations were carried out using the

GROMACS-5.1 package [36] along with the CHARMM36 all-atom force field [37]. The accu-

rate topologies for NAG was generated using SwissParam tool [38]. All four systems were sol-

vated with TIP3 water molecules in a cubic box of at least 18 Å of water between the protein

and edges of the box. To neutralize the negative charge of the WT and MUT systems without

NAG, WT and variant with NAG systems, 14, 15, 14 and 15 sodium ions were added to each

system, respectively.

Each system underwent 50,000 steps of steepest descents energy minimization to remove

close van der Waals force contacts. Subsequently, all systems were subjected to a two-step

equilibration phase namely; NVT (constant number of particles, Volume and Temperature)

for 500 ps to stabilize the temperature of the system and a short position restraint NPT (con-

stant number of particles, Pressure and Temperature) for 500 ps to stabilize the pressure of the

system by relaxing the system and keeping the protein restrained. For the NVT simulation the

system was gradually heated by switching on the water bath and the V-rescale temperature-

coupling method [39] was used, with constant coupling of 0.1 ps at 300 K under a random

sampling seed. While for NPT the Parrinello-Rahman pressure coupling [40] was turned on

with constant coupling of 0.1 ps at 300 K under conditions of position restraints (all-bonds).

For both NVT and NPT electrostatic forces were calculated using Particle Mesh Ewald method

[41]. All systems were subjected to a full 100 ns simulation and these were repeated twice for

100 ns to validate reproducibility of results. The analysis of the trajectory files was done using

GROMACS utilities. The root mean square deviation (RMSD) for backbone atoms was calcu-

lated using gmx rmsd, RMSF average per-residue analysis using gmx rmsf. The change in the

solvent accessibility surface area (SASA) for protein atoms was calculated using gmx sasa and
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the radius of gyration for the backbone atoms was calculated using gmx gyrate to determine if

the system reached stability and compactness over the 100 ns simulation. VMD [42] was used

to visually inspect changes in secondary structural elements and motion of domains along the

trajectory.

Principal component analysis

Principal component analysis (PCA) is a statistical technique that reduces the complexity of a

data set and was used here to extract biologically relevant movements of protein domains from

irrelevant localized motions of atoms. For PCA analysis the translational and rotational move-

ments was removed from the system using g_covar from GROMACS to construct a covariance

matrix. Next, the eigenvectors and eigenvalues were calculated by diagonalizing the matrix.

The eigenvectors that correspond to the largest eigenvalues are called “principal components”,

as they represent the largest-amplitude collective motions. We filtered the original trajectory

and project out the part along the most important eigenvectors namely: vector 1 and 2 using

g_anaeig from GROMACS utilities. Furthermore, we visualized the sampled conformations in

the subspace along the first two eigenvectors using g_anaeig in a two-dimensional projection.

The two-dimensional projection of the first two principal components was plotted using Gnu-

plot version 4.4 [43]. Afterwards, we calculated the free energy surface (FES) using the pro-

gram g_sham and plotted it using xpm2mat.py script and Gnuplot in a 3n matrix along the

two order parameters, Rg and RMSD. The FES represents all the possible different conforma-

tions a protein can adopt during a simulation and are typically reported as Gibbs free energy.

The molecules free energy was calculated with the formula ΔG(r) = -kBT in P(x,y)/Pmin,

where P is the probability distribution of the two variables Rg and RMSD, Pmin is the maxi-

mum probability density function, kB is the Boltzmann constant and T is the temperature of

the simulation. Conformations sampled during the simulation are projected on a two dimen-

sional plane to visualize the reduced free energy surface. The clustering of points in a specific

cell represents a possible metastable conformation. All simulations were carried out using the

GROMCS-5.1 package [36] along with the CHARMM36 all-atom force field [37].

NRXN2 variant structure stability predictions

The mCSM webserver was used to assess the effect of the mutation on the stability of the pro-

tein structure of NRNX2 [44]. First, we extracted six structures (every 10ns) in total over the

last 50ns of the simulation trajectory. Next, each WT structure without NAG was uploaded to

the webserver and the position of the variant was specified as G889D on the webpage. mCSM

calculates a Delta-delta G stability score and provides a phenotypic assessment of the score

with destabilizing scores being negative, while stabilizing scores are positive [45].

Results

Description of the family

The complete pedigree of this family, which is denoted as family ZA253, contains 57 individu-

als, and in total, eight members were reported to have PD. A simplified version of the pedigree

indicating the family members, who took part in this study, is shown in Fig 1. The patient

labelled as individual III-8 (proband) was the first individual to be diagnosed with PD and his

age at onset (AAO) was 48 years. He initially presented with anxiety and difficulty with the use

of his leg following a general anesthetic. He later developed moderate to high amplitude rest

tremor. Levodopa improved his condition markedly, but he developed dystonia of the left leg

within weeks of starting medication. His siblings were subsequently assessed, and his brother
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(III-7) was also confirmed as having PD. His AAO was 42 years, at which time he developed dif-

ficulties with concentration together with weakness of the legs and gait disturbances. On exami-

nation, he had marked dystonia of the left arm, and very asymmetrical bradykinesia and rigidity.

Patient IV-2, the nephew of the two affected siblings, was diagnosed with early-onset PD at the

age of 37 years. Examination revealed facial dystonia, rigidity at the right wrist, mild generalized

bradykinesia, and slowness of gait [Unified Parkinson’s Disease Rating Scale (UPDRS) motor

score 16]. Furthermore, his mother (individual III-6) was examined at the age of 67 years; at that

time her examination was normal. Repeat examination three years later (aged 70 years) showed

mild generalized bradykinesia (UPDRS motor score 11), although she had no complaints. Indi-

vidual III-2 was the most recent individual in the family to be diagnosed with PD, in 2017. How-

ever, she presented as typical idiopathic PD, with AAO of 75 years. The symptoms at the time of

diagnosis were tremor and rapid eye movement sleep behavior disorder, with no evidence of

dystonia. A summary of the family’s clinical characteristics is provided in S1 Table.

Whole exome sequencing

WES was performed on three of the affected family members (III-7, III-8 and IV-2). These

three patients all appear to have young onset PD, with prominent dystonia, resembling similar

cases with PRKN and PINK1 mutations. Moreover, all three cases are characterized by a long

duration of illness, mild autonomic impairment, and delayed and mild impairment of cogni-

tion, with absence of REM sleep behavior disorder. DNA of individual III-2 was not available

at the time that the WES was performed.

The WES metrics (S2 Table), revealed good overall coverage of the target regions in all

three individuals. For the data analysis, we assumed that the three affected individuals have the

same genetic cause of disease and that the mode of inheritance is autosomal dominant. Impor-

tantly, none of the known PD mutations were found in any of the affected individuals which

suggests that there is likely a novel PD-causing mutation in this family.

Fig 1. Pedigree of the South African family ZA253. For readability and confidentiality, the pedigree is greatly

simplified. Circles denote females and squares depict males. The filled in symbols indicate affected individuals. The

diagonal line indicates that the person is deceased, and the arrow indicates the proband. The numbers below each

individual is the laboratory ID number and age at onset of disease. Branches without clinically confirmed PD or

without DNA samples were omitted, but all known living family members with PD diagnoses are included.

https://doi.org/10.1371/journal.pone.0249324.g001
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After exclusion of synonymous, common, non-co-segregating and homozygous variants, a

total of nine novel or rare non-synonymous heterozygous variants were shared between the

three affected individuals. These variants are in nine genes, ACTN3 (Actinin Alpha 3), CCNF
(Cyclin F), CDC27 (Cell Division Cycle 27), CFAP65 (Cilia and Flagella Associated Protein

65), RFT1 (Requiring Fifty-Three 1), NRXN2 (Neurexin 2), POU2F1 (POU Class 1 Homeo-

box 1), TEP1 (Telomerase Associated Protein 1) and TUBB6 (Tubulin Beta 6 Class V).

Sanger sequencing of variants and co-segregation in family

Sanger sequencing validation was performed to ensure that the variants are not NGS artefacts,

and five variants in CCNF, CFAP65, RFT1, NRXN2 and TEP1 were validated. Thereafter, we

performed genotyping of the family and these results are summarized in Table 1. The most

recently diagnosed patient III-2 had only one of the five validated variants, p.T1023A in

CFAP65. The unaffected family members shared only one variant, p.C363S in CCNF, with the

affected individuals, which indicates that it may be a polymorphism.

Analysis using functional prediction tools

Various functional prediction tools were used to identify and prioritize variants that are pre-

dicted to have a major impact on the protein. Notably, none of the codon changes occurred in

the interchangeable third base position (wobble base). The results are summarized in Table 2

with the functional scores and predictions from SIFT, PolyPhen-2, MutationTaster, GERP++,

Table 1. Rare and novel exonic missense variants shared between the three affected individuals after variant filtering.

CFAP65 RFT1 NRXN2 TEP1 CCNF
p.T1023A p.A463G p.G849D p.Y412C p.C363S

Affected individuals III-8 (proband) Present Present Present Present Present

III-7 Present Present Present Present Present

IV-2 Present Present Present Present Present

III-6 Present Present Present Present Present

III-2 Present Absent Absent Absent Absent

Unaffected individuals III-4 Absent Absent Absent Absent Present

IV-1 Absent Absent Absent Absent Present

III-1 Absent Absent Absent Absent Present

III-5 Absent Absent Absent Absent Absent

Present, variant present; Absent, variant absent

https://doi.org/10.1371/journal.pone.0249324.t001

Table 2. In-silico functional tool scores and predictions for the five variants validated with Sanger sequencing.

Gene cDNA

position

Amino acid and codon

change

SIFT

prediction

PolyPhen-2

prediction

Mutation Taster

prediction

GERP

prediction

CADD

prediction

Condel

prediction

CFAP65 c.A3151G p.T1023A ACC)GCC 0; Deleterious 0.124; Benign 1; Disease causing 2,38; Conserved 18,70;

Deleterious

0.763

Deleterious

RFT1 c.C1450G p.A463G GCT)GGT 0.49;

Tolerated

0.001; Benign 0; Neutral 2,53; Conserved 4,96; Benign 0.042 Neutral

NRXN2 c.G3008A p.G849D GGC)GAC 0; Deleterious 0.973; Probably

damaging

1; Disease causing 4,93; Conserved 29,50;

Deleterious

0.831

Deleterious

TEP1 c.A1276G p.Y412C TAC)TGC 0.51;

Tolerated

0; Benign 0; Neutral -8,29; Not

conserved

0,00; Benign 0.050 Neutral

CCNF c.G1176C p.C363S TGC)TCC 0.06;

Tolerated

0.939; Probably

damaging

1; Disease causing 5,43; Conserved 27,30;

Deleterious

0.707

Deleterious

https://doi.org/10.1371/journal.pone.0249324.t002
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CADD and Condel. The TEP1 p.Y412C variant was predicted to be benign across all of the dif-

ferent prediction tools with a CADD score of zero and with a GERP++ score of—8,29. The

conservation score implies that in the region of the genome where this variant occurs, there

are more substitutions than the average neutral site and thus indicates that this region may not

be under evolutionary constraint. The p.A463G variant in RFT1 was also predicted to be

benign by all of the tools though its conservation score (of 2,53) implies that it occurs in a

region that is evolutionarily-conserved. The p.T1023A variant in CFAP65 and the p.C363S

variant in CCNF are predicted to be pathogenic by most of the tools, and both have positive

scores indicating that they are found in conserved regions of the genome. The only variant

that was predicted to be pathogenic across all of the functional prediction tools was p.G849D

in NRXN2, which had a CADD score of 29,50 and a conservation score of 4,93 showing that

the level of evolutionary constraint inferred to be acting on this position is relatively high.

Frequency of variants in control populations

To determine the frequency of the five variants in controls, a search was performed of publicly

available databases including the 1000 Genomes Project, dbSNP and gnomAD. This revealed

that four of the variants are either extremely rare or are novel according to data available on

African American, American, East Asian, South Asian, Finnish and Non-Finnish European

populations. CFAP65 p.T1023A was found in gnomAD with a MAF frequency of 8.88e-5 (25

out of 281690 alleles) (https://gnomad.broadinstitute.org/variant/2-219886565-T-C?dataset=

gnomad_r2_1).

When assessing the frequency of these variants, it is important to consider not just the pub-

licly available online databases but also to screen ethnically matched controls. Therefore, we

screened South African ethnic-matched controls, but none of the variants was present in these

individuals. The TEP1 p.Y412C, RFT1 p.A463G and CCNF p.C363S variants were screened in

192 individuals, and the CFAP65 p.T1023A and NRXN2 p.G849D variants were screened in

218 and 216 individuals, respectively.

Pathway and expression analysis

To add further information about the possible causal role of the variants, gene expression pro-

files were assessed using publicly available databases, namely the Allen Brain Atlas [46] and the

Human Protein Atlas [47]. Pathway analysis was also performed using KEGG Pathways Analy-

sis [48] and Panther Pathway Analysis [49] to determine if any of the five candidates are co-

expressed, co-regulated or co- localize with each other or any of the known PD genes. This

analysis also shows if the variants and any of the known PD genes are functionally related or

impact a pathway of interest or even a trait of interest such as neuronal development, regula-

tion and functioning. The results show that none of the five proteins are co-expressed, co-reg-

ulated or co-localize with each other or any of the proteins encoded by the known PD genes.

Notably, NRXN2 was found to be highly expressed in the brain including the substantia nigra

(https://www.proteinatlas.org/ENSG00000110076-NRXN2/tissue). This is the region of the

brain predominantly involved in PD pathogenesis and also thought to be involved in pathways

that regulate synaptic functioning, neurotransmitter secretion and neuronal cell-to-cell adhe-

sion. RFT1 is also expressed in the brain, however not particularly defined to any specific

region. RTF1 was implicated in pathways of protein metabolism and the endoplasmic reticu-

lum membrane network. CFAP65 was associated with the motile cilia pathway, TEP1 is

reported to be involved in apoptotic pathways and in assembling telomerase components in

cell signaling and CCNF was associated with pathways of ubiquitination and cell cycle

regulation.
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Selection of NRXN2

After the above analyses, we prioritized one candidate gene (NRXN2) for further study. As

mentioned previously, even though the CCNF p.C363S variant was predicted to be deleterious

by most of the prediction tools, it was excluded at this stage as it was found in unaffected family

members. The variants in TEP1 (p.Y412C) and RTF1 (p.A463G) were predicted to be benign

across all the prediction tools used, therefore they were also excluded. Although the p.T1023A

variant in CFAP65 was predicted to be deleterious by the majority of the prediction tools, it

functions specifically in ciliac processes, and thus is unlikely to be involved in PD pathobiol-

ogy. Importantly, while affected individual III-2 has the CFAP65 variant, we suspect that she is

a phenocopy. Evidence for this is that her phenotype is typical late-onset PD that is unlike the

other affected family members. Consequently, the p.G849D variant in NRXN2 is considered to

be the strongest candidate of the five variants. All of the computational algorithms predicted

the G849D substitution as being potentially deleterious. The position where this variant occurs

was reported to be highly conserved by GERP++ and it resulted in a codon change from a

small, non-polar amino acid to a larger, negatively charged, polar one. None of the controls

obtained from the online databases or in the local population had the variant. The NRXN2 var-

iant was also not present in exomes of 600 probands of French, North African and Turkish ori-

gins with predominantly early-onset PD (Suzanne Lesage, personal communication). NRXN2

was reported by two expression databases to be expressed in the brain and specifically in the

substantia nigra, a key brain region involved in PD pathogenesis. NRXN2 was therefore

selected for further studies involving protein structure modelling and simulation analysis.

NRXN2 protein model

The Swissmodel webserver [33] search, identified homologous template PDBID: 3R05 crystal

structure of neurexin 1 alpha [Laminin neurexin sex hormone binding globulin domains

(LNS1-LNS6), with splice insert SS3, Bos taurus (cow)] as a highly similar protein to human

NRNX2. The template 3R05 was chosen to construct a three-dimensional (3D) structure for

NRXN2 because it shared 71% sequence identity and over 50% structural similarity with our

target protein. The 3D structure built for human NRXN2 is structurally similar to template

3R05 displaying the five LNS2-6 and two EGF-like repeats excluding LNS domain 1 and one

EGF-like domain (Fig 2). The protein model predicted for human NRXN2 had a GMQE score

of 0.51 [value between 0 and 1] and a QMEAN Z-score of -1.67 that are close to zero and

higher than -4, suggesting high reliability in the quality of the predicted protein model. Super-

imposition of the predicted model onto the homologous template structure indicated a root

mean square deviation (RMSD) value of 0.226Å, which is less than 2Å, suggesting very little

deviation in the main chain backbone atoms of the protein model and the template. Further-

more, the Glycine residue (G849) in the template and homology model is conserved and has a

positive phi and psi dihedral angle conformation and therefore any amino acid substitution at

this position will have a significant effect on the protein structure.

NRXN2 molecular dynamic simulation analysis and stability predictions

Four simulation systems were prepared for NRXN2 analysis. These are wild type (WT)

NRXN2 with and without the sugar moiety, N-acetyl-D-glucosamine (NAG), and mutant

(MUT) NRXN2 with and without NAG. NAG was used in this analysis as it is important for

the glycosylation of NRXN2 and it was extracted from the homologous template. The kinetic

energy and thermodynamic properties were found to fluctuate around stable values with the

potential and total energies values fluctuating at negative 1X10-6 values and the temperature

fluctuating around 300K for the four NRXN2 systems (S1–S3 Figs).
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Measuring the mean and standard deviation of the RMSD values for the four systems indi-

cated lower values of 1.61 nm ± 0.26 for the WT system without NAG compared to the MUT

system without NAG of 2.16 nm ± 0.60 (Fig 3A). However, for the WT system with NAG, a

higher RMSD value (2.25 nm ± 0.52) was observed compared to the MUT system with NAG

(1.54 nm ± 0.55) (Fig 3A). The RMSD showed that the MUT systems with and without NAG

reached equilibrium after 50ns, therefore subsequent analysis considered only the last 50ns of

the simulation trajectories. The average root mean square fluctuation (RMSF) per-residue val-

ues for the four systems indicated lower fluctuation values for the WT system without NAG

(0.32 nm ± 0.14) compared to the MUT system without NAG (0.53 nm ± 0.24) (Fig 3B). Fur-

thermore, the RMSF fluctuation per-residue values for the other two systems with NAG indi-

cated slightly lower values of 0.37 nm ± 0.18 for the WT system compared to 0.40 nm ± 0.16

for the MUT system (Fig 3B). Similarly, the radius of gyration values and the solvent accessible

surface area values for the WT NRXN2 without NAG were significantly lower than that of the

other three systems. The calculated Rg values for the backbone atoms for WT NRXN2 without

NAG was lower (3.90 nm ± 0.03) compared to MUT NRXN2 without NAG, WT and MUT

NRXN2 with NAG, (5.01 nm ± 0.10; 4.76 nm ± 0.11; 5.13 nm ± 0.08, respectively) (Fig 3C).

The solvent accessible surface area values of the protein for WT and MUT NRXN2 in absence

of NAG were lower (480.84 nm ± 5.43; 490.59 nm ± 4.46) compared to the WT and MUT

NRXN2 in the presence of NAG (507.63 nm ± 4.26; 495.76 nm ± 4.78) (Fig 3D).

Calculation of the contribution of each of the top ten principal components (PCs) indicated

that the first two PCs contributed significantly to the movement of the protein. For each sys-

tem, PC1 contributed to 70%, 46%, 60% and 37% to WT no NAG, WT with NAG, MUT no

NAG, and MUT with NAG for NRXN2, respectively. While, PC2 contributed 8%, 19%, 15%

and 29% to WT no NAG, WT with NAG, MUT no NAG, and MUT with NAG for NRXN2,

respectively. Therefore, 2D projections of the first and second principal components for all

Fig 2. Swissmodel predicted 3-dimensional (3D) structure for human NRXN2 with mutation p.G849D (p.G889D) in complex with N-acetyl-D-glucosamine

(NAG). Each domain is colour coded, EGF-like domains are labelled B and C, substrate NAG are labelled as well as the mutation, p.G889D in our protein model.

https://doi.org/10.1371/journal.pone.0249324.g002
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four systems were plotted and shown in Fig 4. Calculation of the covariance matrix values after

diagonalization showed a significant decrease for the WT NRXN2 without NAG (237.82 nm)

system compared to the other three systems MUT without NAG, WT and MUT with NAG

(612.38 nm; 508.19 nm; 554.72 nm, respectively) (Fig 4).

We performed interaction analysis to determine which residues played a role in the binding

of NAG to the protein in the WT NRXN2 and identified one conserved hydrogen bond inter-

action with Arg1266 (in our model) as an important anchor point that could be exploited for

drug design (S4 Fig). The first repeat of the four simulation systems showed similar results to

the first run for thermodynamic and kinetic energy parameters (S5–S7 Figs). Additionally,

equilibrium is reached after 50ns of the simulation run and the WT system without NAG had

higher stability values based on RMSD analysis compared to the MUT system without NAG

(S8 Fig). Similarly, the repeat 2 showed convergence of energy and temperature terms (S9–S11

Fig 3. Trajectory analysis of wild type (WT) NRNX2 and mutant (MUT) NRNX2, both with and without NAG. (A) root mean square deviation (RMSD) deviation of

the backbone atoms. MEAN + STDEV (1.61mm ± 0.26, 2.26mm ± 0.52, 2.16mm ± 0.60 and 1.54mm ± 0.55). (B) The average RMSF fluctuation per-residue. MEAN +

STDEV (0.31mm ± 0.14, 0.54mm ± 0.24, 0.37mm ± 0.18 and 0.40mm ± 0.19). (C) Radius of gyration of the backbone atoms. MEAN + STDEV (3.90mm ± 0.03,

5.01mm ± 0.10, 4.67mm ± 0.11 and 5.13mm ± 0.08). (D) Solvent accessible surface area of the protein. MEAN + STDEV (3.90mm ± 0.03, 5.01mm ± 0.10, 4.67mm ± 0.11

and 5.13mm ± 0.08). Line colors: WT_noNAG = green, MUT_noNAG = light magenta, WT_NAG = red and MUT_NAG = blue.

https://doi.org/10.1371/journal.pone.0249324.g003
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Figs), this is in agreement with repeat 1, while the RMSD analysis for repeat 2 confirmed stabil-

ity values of repeat 1 (S12 Fig).

The change in secondary structure for the NRNX2 WT and MUT without NAG is visually

shown in a short simulation movie over the last 50ns for the simulation trajectory (S1 and S2

File). In these movies, the LNS6 domain undergoes large transitions between flexed and

extended conformations for the mutant structure without NAG while the LNS6 domain for

the WT without NAG remains in a stable flexed conformation. FES analysis of the four systems

identified several (up to 6) metastable conformations for the WT system without NAG, while

the MUT without NAG showed only one energy minima state. In contrast, the other two sys-

tems with NAG adopted at least one metastable state for the MUT structure and none for the

WT structure (Fig 5A–5D). The WT system without NAG seems to be more stable than the

MUT without NAG due to the six energy minima states. The opposite is found for the systems

with NAG, as the MUT with NAG becomes more stable while the WT with NAG becomes

more flexible. Furthermore, stability predictions using the mCSM webserver was performed to

determine the effect of the novel variant p.G849D (in our model p.G889D) on the NRXN2

Fig 4. Two-dimensional (2D) projections of the first and second principal components for the WT NRNX2, MUT NRNX2 without NAG and WT NRNX2, MUT

NRNX2 with NAG systems. Covariance matrix after diagonalization values for each system; 237.82 nm, 612.38 nm, 508.19 nm and 554.72 nm. Line colors:

WT_noNAG = green, MUT_noNAG = light magenta, WT_NAG = red and MUT_NAG = blue.

https://doi.org/10.1371/journal.pone.0249324.g004
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protein structure. The results were in concordance for all six structures extracted over the last

50 ns indicating destabilizing delta-delta (ΔΔG) scores of -1.389, -1.131, -1.573, -1.183, -1.298

and -1.596 for 50, 60, 70, 80, 90 and 100 ns frames, respectively.

Discussion

The absence of known PD mutations in this South African family led to the conclusion that a

novel mutation could be responsible for the disease phenotype. Four variants in CFAP65,

RFT1, NRXN2 and TEP1 are shared by four of the affected family members and are not in the

unaffected family members or the controls. It is possible that the variants in any of these genes

or even in another gene is responsible for the disease in this family, however, at this stage, the

NRXN2 p.G849D variant was selected for further study. It is the top candidate even though

patient III-2 does not share this variant, as this patient may be a phenocopy, known to occur in

PD families [26, 50], since she has typical, late-onset sporadic PD unlike the other four affected

individuals. This highlights the complexity of interpreting familial co-segregation in disorders

where the genetic disease can be indistinguishable from idiopathic forms.

The NRXN2 p.G849D change is from glycine a small, non-polar, side chain free amino

acid, to aspartic acid a larger, negatively charged amino acid with a carboxyl group side chain.

The 3D structure predicted for NRXN2 provided deeper insight into the structural implica-

tions of G849D on NRXN2 protein structure. The overall structure of NRXN2 is similar to

that of the homologous template 3r05, and adopts a similar fold. Using molecular dynamic

simulations to understand the overall movement of the protein structure added support to the

destabilizing effect of the variant p.G849D on the mobility of the LNS6 domain (residues

1137–1343 in our model). Trajectory analysis confirmed the destabilizing effect of the variant

Fig 5. Two-dimensional (2D) free energy landscapes plotted for NRXN2 along two order parameters root mean

square deviation (RMSD) to average structure and Rg. (A) WT without NAG (B) MUT without NAG (C) WT with

NAG (D) MUT with NAG. Blue regions represent low energy conformational states while red indicate high energy

states.

https://doi.org/10.1371/journal.pone.0249324.g005
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on the protein structure and the predicted increase in the flexibility of the LNS6 domain might

prevent the binding of neuroligins and synaptic organization. Additionally, we showed that

adding NAG to the mutant ‘system’ restored some stability to the NRXN2 protein. From these

findings, we hypothesize that the novel variant p.G849D (in our model p.G889D) is destabiliz-

ing to NRXN2’s protein structure, and that adding NAG to the mutated structure might

reduce flexibility and restore its ability to interact with its known interactors such as

neuroligin.

NRXN2 has been linked to pathways associated with neuronal and synaptic functioning,

and expression analysis showed that it is expressed in the pars reticulata of the substantia

nigra, the main region of the brain affected in PD. Its predicted functions range from neuronal

cell-cell adhesion, neurotransmitter secretion regulation to synaptic regulation. Indeed,

NRXN2 is known to mediate synaptic organization and differentiation [51, 52]. Recently,

Naito et al. [51] investigated whether neurexins plays a role in Alzheimer’s disease (AD), and

observed an interaction between amyloid beta (Aβ) oligomers and NRXN1/2 that diminished

presynaptic organization [51]. Additionally, Aβ oligomers were found to interact specifically

with NRXN2α and neuroligin 1 to mediate synapse damage and memory loss in mice [53].

Limitations of this study are the limited sequencing scope of WES, which includes its inabil-

ity to accurately detect copy number [54, 55] and non-coding variants [56], and the fact that

each of the functional prediction tools used relies on their own in-built algorithm, which can

produce inaccurate results. Another limitation is that the LNS-1 domain of the protein could

not be modelled due to the lack of sequence coverage between the target sequence and homol-

ogous template structure. Also, the short simulations times (100ns) used may not allow

NRXN2 to sample enough of the protein’s energy minima landscape or phase space thereby

missing important energetic conformations.

In conclusion, we identified a novel candidate gene, NRXN2, for PD thereby potentially

implicating synaptic dysfunction in neuronal cell death. Future studies will involve wet-labora-

tory functional studies in relevant disease models to determine the biological significance of

the variant identified.
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MUT_noNAG, WT_NAG and MUT_NAG) over 100 ns.

(PDF)

S12 Fig. RMSD deviation of the backbone atoms for the four systems of repeat 2 NRXN2,

(1.40mm ± 0.33, 1.98mm ± 0.45, 2.15mm ± 0.51 and 1.29mm ± 0.29). Line colours:

WT_noNAG = green, MUT_noNAG = light magenta, WT_NAG = red and

MUT_NAG = blue.

(PDF)

S1 File. Change in secondary structure simulation movie for wild-type NRNX2 noNAG

last 50ns. Also available at: https://www.dropbox.com/s/ucb8bosmaq2tqw2/WT.mp4?dl=0.

(MP4)

S2 File. Change in secondary structure simulation movie for mutant NRNX2 noNAG last

50ns. Also available at: https://www.dropbox.com/s/wkdmvyrvrqdumni/MUT.mp4?dl=0.

(MP4)
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Supplementary Figures  

 

Supplementary Figure S1: Total energy of the four systems of NRXN2 (WT_noNAG, 

MUT_noNAG, WT_NAG and MUT_NAG) over 100 ns. 

Supplementary Figure S2: Potential energy of the four systems of NRXN2 (WT_noNAG, 

MUT_noNAG, WT_NAG and MUT_NAG) over 100 ns.  

Stellenbosch University https://scholar.sun.ac.za



48 

 

Supplementary Figure S3: The average temperature of the four systems of NRXN2 (WT_noNAG, 

MUT_noNAG, WT_NAG and MUT_NAG) over 100 ns. 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S4: 2D interaction diagram showing polar contacts formed between 

NRXN2 residues and sugar moiety NAG. Figure generated using PoseView. Dashed lines show 

hydrogen bond contacts formed NAG and NRNX2 residues. 
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Supplementary Figure S5: Total energy of the four systems of the repeat 1 of NRXN2 

(WT_noNAG, MUT_noNAG, WT_NAG and MUT_NAG) over 100 ns. 

Supplementary Figure S6: Potential energy of the four systems of repeat 1 of NRXN2 

(WT_noNAG, MUT_noNAG, WT_NAG and MUT_NAG) over 100 ns. 
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Supplementary Figure S7: The average temperature of the four systems of repeat 1 NRXN2 

(WT_noNAG, MUT_noNAG, WT_NAG and MUT_NAG) over 100 ns. 

 

 

 

 

 

 

 

Supplementary Figure S8: RMSD deviation of the backbone atoms for the four systems of 

repeat 1 NRXN2. MEAN + STDEV (1.71mm ± 0.52, 2.26mm ± 0.52, 1.27mm ± 0.46 and 2.14mm 

± 0.79). Line colours: WT_noNAG = green, MUT_noNAG = light magenta, WT_NAG = red and 

MUT_NAG = blue.  
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Supplementary Figure S9: Total energy of the four systems of the repeat 2 of NRNX2 

(WT_noNAG, MUT_noNAG, WT_NAG and MUT_NAG) over 100 ns. 

Supplementary Figure S10: Potential energy of the four systems of repeat 2 of NRNX2 

(WT_noNAG, MUT_noNAG, WT_NAG and MUT_NAG) over 100 ns. 
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Supplementary Figure S11: The average temperature of the four systems of repeat 2 NRNX2 

(WT_noNAG, MUT_noNAG, WT_NAG and MUT_NAG) over 100 ns. 

 

 

 

 

 

 

 

 

Supplementary Figure S12: RMSD deviation of the backbone atoms for the four systems of 

repeat 2 NRXN2, (1.40mm ± 0.33, 1.98mm ± 0.45, 2.15mm ± 0.51 and 1.29mm ± 0.29). Line 

colours: WT_noNAG = green, MUT_noNAG = light magenta, WT_NAG = red and MUT_NAG 

= blue
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Supplementary Tables 

 

Supplementary Table S1: Clinical and demographic information on members of a South African family with Parkinson’s 

disease 

 Affected 

 

 Unaffected 

Individual 

lab ID 

III-8 

 

III-7 

 

IV-2 

 

III-6 

 

III-2 

 

III-4 

 

IV-1 

 

III-1 

 

III-5 

 

 

Gender 

 

Male Male Male Female Female Male Male Female Male 

Age in 2021 

(years) 

 

66 72 47 75 83 72 46 74 76 

Age at 

evaluation 
55 60 44 72 77 62 35 68 67 

 

Age at onset 

(years) 

 

48 42 37 70 75 N/A N/A N/A N/A 

Childhood 

symptoms 

Reported to 

have walked 
None None None None N/A N/A N/A N/A 
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on toes since 

childhood 

Initial 

symptoms 

Muscle spasm 

in left arm, 

poor balance, 

walking on 

toes 

Impaired 

concentration 

Weakness of 

legs, and 

difficulty 

walking 

Difficulty 

with walking 

and balance 

Cramping 

lower legs 

Difficulty 

with fine 

motor 

ADL; left 

hand 

tremor 

N/A N/A N/A N/A 

Olfaction Impaired Normal Always poor Normal Impaired N/A N/A N/A N/A 

Excessive 

sweating 
No Yes No No No N/A N/A N/A N/A 

RBD No No No No Yes N/A N/A N/A N/A 

Orthostatic 

hypotension 
Yes Onset age 45 No No No N/A N/A N/A N/A 

Bladder 

function 
Mild difficulty Normal Normal Normal Normal N/A N/A N/A N/A 

Constipation Yes none No No Yes N/A N/A N/A N/A 

Sleep 

impairment 
No Yes No No Yes N/A N/A N/A N/A 

Dystonia 

Initially 

walked on 

toes. 

Dystonic 

flexion of left 

arm when 

walking 

Facial No No N/A N/A N/A N/A 
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Dystonia of 

left leg after 

medication 

Tremor 

Developed 

later, 

predominantly 

action tremor, 

with intention 

component 

Action/intention No No 
Initial 

complaint 
N/A N/A N/A N/A 

Bradykinesia 

Marked, 

asymmetrical, 

predominantly 

upper limbs 

Markedly 

asymmetrical in 

upper and lower 

limbs 

Mild bilateral 
Mild 

bilateral 

mild 

bilateral 
N/A N/A N/A N/A 

Rigidity 
Bilateral 

cogwheel 

Marked 

asymmetry 

Mild 

bilateral, 

asymmetrical 

Normal 

tone 
unilateral N/A N/A N/A N/A 

Gait 

Shuffling gait, 

with absent 

arm swing 

Broad-based, 

diminished arm 

swing 

Mild slowing Normal Slowed N/A N/A N/A N/A 

Additional 

findings  

Diminished 

vibration 

sense in toes 

Diminished 

vibration and 

loss of joint 

position sense in 

toes. No evident 

Micrographia None None N/A N/A N/A N/A 
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axonal or 

demyelinating 

changes in 

tibial, peroneal 

or sural 

conductions. 

Total daily 

dose 

levodopa 

(mg) 

1000 600 0 0 0 N/A N/A N/A N/A 

Levodopa 

responsive 
Yes Yes N/A N/A 

Not 

known 
N/A N/A N/A N/A 

Blood 

pressure 

No orthostatic 

drop 

No orthostatic 

drop 

No 

orthostatic 

drop 

No 

orthostatic 

drop 

No 

orthostatic 

drop 

N/A N/A N/A N/A 

Reflexes 
Hyperreflexia 

present 

Hyperreflexia in 

lower limbs 

Hyperreflexia 

in lower 

limbs, right > 

left 

Normal Normal N/A N/A N/A N/A 

Brain CT 

scan 

No 

abnormality 

except for 

internal 

capsule lacune 

Not done Not done Not done Not done N/A N/A N/A N/A 
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ADL, Activities of Daily Living; RBD, REM sleep behavior disorder; MOCA, Montreal Cognitive Assessment; N/A, not applicable; UPDRS, 

Unified Parkinson Disease Rating Scale 

 

Supplementary Table S2: Summary of whole exome sequencing (WES) metrics in the three affected individuals 

 Individual III-7 III-8 IV-2 

 

Total number of reads 

 

136,048,746 127,298,302 114,750,902 

Non-duplicated reads 

 

90,255,052 97,195,484 85,612,771 

Reads aligned to target 82,045,320 

(90,9%) 

83,570,035 

(86%) 

74,665,623 

(87,2%) 

Mean target coverage (%) 

 

88.12 79.88 71.04 

Total number of variants 

 

22,318 22,566 22,531 

UPDRS 41 37 16 11 15 N/A N/A N/A N/A 

MOCA 26 27 30 28 Not done N/A N/A N/A N/A 
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CHAPTER 4 
Review of Neurexins in Neurodegenerative and 

Neuropsychiatric Disorders 

 

This chapter consists of a peer-reviewed, published review article that addressed Objective 2 of 

this study. Since we prioritised the p.G849D variant in NRXN2, we wanted to investigate the 

potential role of neurexins in human disease. As part of this, we examined the interacting partners 

of neurexins and their biological pathways using in silico tools. Thereafter, we performed a 

literature search, focusing on neurexins in neurodegenerative disorders as well as neuropsychiatric 

disorders.  

 

Published Article: Emerging evidence implicating a role for neurexins in neurodegenerative and 

neuropsychiatric disorders 

Authors: Cuttler, K., Hassan, M., Carr, J., Cloete, R., Bardien, S. 

Journal: Open Biology (Impact Factor: 5.934) 

DOI: https://doi.org/10.1098/rsob.210091 

Supplementary material: This can be found in the online version of the article. 
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Synaptopathies are brain disorders characterized by dysfunctional synapses,
which are specialized junctions between neurons that are essential for the trans-
mission of information. Synaptic dysfunction can occur due to mutations that
alter the structure and function of synaptic components or abnormal expression
levels of a synaptic protein. One class of synaptic proteins that are essential to
their biology are cell adhesion proteins that connect the pre- and post-synaptic
compartments. Neurexins are one type of synaptic cell adhesion molecule that
have, recently, gained more pathological interest. Variants in both neurexins
and their common binding partners, neuroligins, have been associated with
several neuropsychiatric disorders. In this review, we summarize some of the
key physiological functions of the neurexin protein family and the
protein networks they are involved in. Furthermore, examination of published
literature has implicated neurexins in both neuropsychiatric and neuro-
degenerative disorders. There is a clear link between neurexins and
neuropsychiatric disorders, such as autism spectrum disorder and schizo-
phrenia. However, multiple expression studies have also shown changes in
neurexin expression in several neurodegenerative disorders, including
Alzheimer’s disease and Parkinson’s disease. Therefore, this review highlights
the potential importance of neurexins in brain disorders and the importance of
doing more targeted studies on these genes and proteins.
1. Introduction
There is accumulating evidence to suggest that synaptic dysfunction is present
in both neuropsychiatric disorders, such as autism spectrum disorders (ASDs),
schizophrenia and bipolar disorder (BD), and neurodegenerative disorders,
such as Parkinson’s disease (PD), Alzheimer’s disease (AD) and Huntington’s
disease (HD) [1]. In fact, involvement of the synapse is such a prominent feature
of the pathogenesis of various brain disorders that it has led to the coining of a
specific term, ‘synaptopathies’. Indeed, in the case of PD, the involvement of
synaptopathy as an initial and central event in the disease pathogenesis,
which precedes neuronal damage, has been postulated [2]. Synaptic dysfunc-
tion can occur due to mutations that alter the structure and function of
synaptic components or abnormal expression levels of a synaptic protein.

Synapses are specialized junctions between neurons that transmit information
and they connect neurons into millions of ‘neural circuits’ that underlie all brain
functions [3]. The information transmitted allows the nervous system to respond

http://crossmark.crossref.org/dialog/?doi=10.1098/rsob.210091&domain=pdf&date_stamp=2021-10-06
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https://doi.org/10.6084/m9.figshare.c.5628933
https://doi.org/10.6084/m9.figshare.c.5628933
http://orcid.org/
http://orcid.org/0000-0003-1833-5426
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


pre-synapse

synaptotagmin

synaptophysin

synapsin

syntaxin

synaptic
vesicle

shank

synaptic
receptors

mGluR5

NMDAR

ne
ur

ol
ig

in
-1

ne
ur

ol
ig

in
ne

ur
ex

in
post-synapse

PSD-95

Figure 1. Location of neurexins and their binding partners, neuroligins, in
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well as synaptic vesicle-binding proteins. NMDAR, N-methyl-D-aspartate
receptor; mGluR5, metabolic glutamate receptor 5; PSD-95, post-synaptic
density protein 95; Shank, SH3 and multiple ankyrin repeat domains protein.
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to external stimuli and controls bodily functions, behaviour,
emotions and memories [4]. This system is tightly controlled
and regulated, and even slight perturbations can lead to synap-
tic dysfunction. An important aspect of synapse biology is the
cell adhesion molecules that connect pre- and post-synaptic
compartments [5]. These interactions in the synaptic cleft
help to maintain synapse structure by delineating mutual
boundaries [6]. These proteins are also important in synapse
plasticity as synaptic cell adhesion is able to regulate the remo-
delling of synapses [7]. Interestingly, they are also involved
in trans-synaptic signalling [5]. Thus, these proteins are
highly important in the organization of synaptic junctions
and overall brain function.

Neurexins are one type of synaptic cell adhesion molecule.
They are pre-synaptically localized and bind to neuroligins and
other proteins in the post-synapse (figure 1). Neurexins and
their common binding partners, neuroligins, have recently
gained more pathological interest as variants in both have
been associated with several neuropsychiatric disorders,
including autism and schizophrenia [8]. This further suggests
that synaptic dysfunction plays a role in the development of
these disorders. Synaptic dysfunction is also known to occur
in neurodegenerative disorders [9]; however, it was considered
an endpoint of these disorders, due to the considerably later
onset of clinical symptoms and progressive appearance of cog-
nitive deficits. This dichotomy has, recently, been challenged
by the creation of ‘disease-in-a-dish’ models for multiple cen-
tral nervous system (CNS) pathologies [9]. This research
has identified commonalities between developmental and
degenerative disorders, at both the cellular and molecular
level, with most of these common mechanisms meeting at
the synapse level [9]. Indeed, our laboratory has, recently,
found a novel variant (p.G849D) in the NRXN2 gene which
may be implicated in PD [10]. Therefore, we believe it is impor-
tant to investigate the potential role of neurexins in various
neuropsychiatric and neurodegenerative disorders.

In this review, we summarize some of the key physiologi-
cal functions of the neurexin protein family and the protein
networks they are involved in. We also examine the available
published literature to determine what research has been
done on neurexins in neuropsychiatric and neurodegenera-
tive disorders. This analysis provides an overview on what
progress has been made in understanding the roles of synap-
tic functioning in these disorders and reveals the gaps in
knowledge in this field.
Figure 2. Structural domain organization of the α and β forms of neurexin.
(a) α-neurexin. (b) β-neurexin. EGF, epidermal growth factor-like region; LNS,
laminin/neurexin/sex hormone-binding domain; PDZ, PSD-95, DLG1, ZO-1
domain; SP, signal peptide; TM, transmembrane domain.
2. Structure and biological functions of
neurexins

Neurexins were first identified using affinity chromatography
when neurexin 1α was found in rat brain extract on a column
of α-latrotoxin [11]. α-latrotoxin is a potent neurotoxin from
black widow spider venom that stimulates synaptic vesicle
exocytosis and induces massive neurotransmitter release
[12]. This work has been continued by Südhof and co-
workers [13] who have characterized the neurexin proteins
and their binding partners, the neuroligins [14].

In mammals, the neurexins are encoded by three NRXN
genes (NRXN1-3), each of which has both an upstream promo-
ter that is used to generate the α-neurexins, and a downstream
promoter that is used to generate the shorter β-neurexins
[13,15]. Neurexins also undergo extensive alternate splicing
at five splice sites, generating significant diversity of more
than 2000 potential variants [13,16]. The fact that neurexin
splice insert sequences and their positions are well conserved
among neurexin genes and between species supports the
idea that alternative splicing has important functional roles.

The neurexins are transmembrane proteins that consist
of an extracellular region responsible for trans-synaptic
interactions, a transmembrane domain and a smaller cyto-
plasmic domain named PSD-95, DLG1, ZO-1 binding
domain (PDZ) that is involved in intracellular protein inter-
actions and signalling (figure 2) [13]. α-neurexins are
composed of six large extracellular laminin/neurexin/sex
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Figure 3. A summary of GO terms associated with neurexins 1–3. (a) Biological processes. (b) Cellular components. (c) Molecular functions. All: total number of
proteins analysed. The number above each bar indicates the number of proteins assigned to that category. Figure generated by WebGestalt (http://www.webgestalt.
org) [18].
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hormone-binding (LNS) globulin domains with three
interspersed epidermal growth factor (EGF)-like regions
(figure 2). β-neurexins are shorter and only have the sixth extra-
cellular LNS domain and no EGF-like regions (figure 2). Only
neurexin 1 protein structures (both α and β forms) have been
solved experimentally in Mus musculus, Rattus norvegicus and
Bos taurus. However, these structures have not yet been
solved in humans.

Neurexins are localized pre-synaptically and are distribu-
ted to both excitatory and inhibitory synapses [8]. Their
functions are mediated by their binding to neuroligins
(figure 1). Neuroligins have five known isoforms and are
expressed post-synaptically [17]. Consequently, neurexins
and neuroligins form synaptic complexes in the synaptic
cleft and have been found to control synapse formation,
maturation, validation and function [17]. Various combi-
nations of the different neurexins and neuroligin binding
partners at synapses may also help determine synapse speci-
ficity through differential interactions between multiple
splice variants and isoforms of these proteins [8].

Primarily, neurexins function to maintain synaptic organiz-
ation. Gene ontology (GO) analysis by WebGestalt (http://
www.webgestalt.org) [18] of the three neurexins indicates that
they all function in protein binding, ion binding and possess
molecular transducer activity (figure 3). They are also involved
in cellular component organization, developmental processes,
response to stimuli, cell communication and biological regu-
lation. These processes thus demonstrate how neurexins are
able to maintain synaptic organization but also show their
multi-functional nature. As such, it is conceivable that disrup-
tions in neurexins could be detrimental to their various
functions and affect overall neuronal function and integrity.
3. Biological pathways and interacting
partners of neurexins

To understand the broader biological pathways that the neur-
exins are involved in, protein–protein interaction network
analysis and co-expression analysis was performed using the
tools, STRING (https://string-db.org) [19] and GeneMania
(https://genemania.org) [20]. STRING finds related genes by
accessing the STRING database which contains experimental
data and computational predictions. Data in STRING are
weighted and integrated and a confidence score of 0–1 is calcu-
lated for all interacting protein partners. GeneMANIA finds
proteins related to neurexins by leveraging functional associ-
ation data, such as interactions, pathways, co-expression, co-
localization and protein domain similarity. All functional
data for the proteins observed in these networks were obtained
from UniProt (https://www.uniprot.org) [21], unless other-
wise stated, while pathway data were obtained from KEGG
(https://www.kegg.jp) [22].
3.1. String analysis
Weighted string analysis was conducted on neurexin 1, 2
and 3 individually to determine their binding partners
(figure 4a–c). Based on this analysis, there is strong evidence
that neurexin 1 interacts with 10 proteins including calcium/
calmodulin-dependent serine protein kinase (CASK), leucine-
rich repeat transmembrane neuronal protein 1 (LRRTM1),
LRRTM2, LRRTM3, neuroligin 1, neuroligin 2, neuroligin 3,
neuroligin 4X, SH3 and multiple ankyrin repeat domains
protein 2 (SHANK2) and synaptotagmin-1 with scores of
0.987, 0.983, 0.985, 0.975, 0.998, 0.997, 0.998, 0.997, 0.975,
0.974, respectively. Similarly, neurexins 2 and 3 also have 10
interactors each. There is strong evidence that neurexin 2
interacts with CASK, discs large homologue 4 (DLG4),
LRRTM1, LRRTM2, LRRTM3, neuroligin 1, neuroligin 2, neu-
roligin 3, neuroligin 4X and SHANK2 with scores of 0.979,
0.977, 0.984, 0.983, 0.972, 0.998, 0.998, 0.998, 0.997 and
0.969, respectively. There is strong evidence that neurexin 3
interacts with CASK, DLG4, LRRTM1, LRRTM2, LRRTM3,
neuroligin 1, neuroligin 2, neuroligin 3, neuroligin 4X and
SHANK2 with scores of 0.978, 0.971, 0.979, 0.983, 0.971,
0.998, 0.997, 0.997, 0.997 and 0.969, respectively. The
STRING analyses performed on the three neurexins identified

http://www.webgestalt.org
http://www.webgestalt.org
http://www.webgestalt.org
https://string-db.org
https://string-db.org
https://genemania.org
https://genemania.org
https://www.uniprot.org
https://www.uniprot.org
https://www.kegg.jp
https://www.kegg.jp
http://www.webgestalt.org
http://www.webgestalt.org
http://www.webgestalt.org
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Figure 4. Protein interacting partners of neurexins 1–3. (a–c) STRING network of neurexins 1–3. Nodes represent gene-encoded proteins. Edges represent protein–
protein associations. Connections between nodes represent the relationship between proteins. A bold line implies a higher confidence level. (d ) GeneMANIA network
of all three neurexins. Nodes represent gene-encoded proteins. Larger nodes indicate higher protein scores. Edges represent protein–protein associations. Connections
between nodes represent the relationship between proteins. A bold line implies a higher confidence level.
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interacting proteins with very high confidence scores since
the lowest score across the analyses was 0.969. This means
that there is strong experimental evidence that these proteins
interact with one or more of the neurexins.

Analysis of the identified neurexin binding partners
revealed many proteins important in the maintenance and
functioning of synapses. Notably, variants in several of
these proteins are implicated in neuropsychiatric and devel-
opmental disorders. Variants in neuroligin 1 and SHANK2
have been implicated in susceptibility to autism [23,24],
while variants in neuroligin 3 have been implicated in Asper-
ger syndrome and autism [25]. Variants in neuroligin 4X have
been implicated in X-linked forms of Asperger syndrome,
autism susceptibility and mental retardation [25–27]. Variants
in CASK have been implicated in FG syndrome 4, an X-linked
genetic disorder and mental retardation [28–32], variants in
DLG4 have been implicated in intellectual developmental
disorder 62 [33,34] and variants in synaptotagmin-1 have
been implicated in Baker–Gordon syndrome [35].

Furthermore, binding partners of these proteins as well as
the pathways they occur in could also give insight into the
development of disease. CASK binds to amyloid precursor
protein and neuroligin 1 binds to amyloid-β, both of which
are important in AD. LRRTM3 is also a known positive reg-
ulator of amyloid-β formation. Notably, LRRTM3 may be
considered a candidate gene for late-onset AD as it promotes
the processing of amyloid precursor protein which leads to
toxic amyloid-β accumulation [36]. DLG4 is involved in
dopamine receptor binding and synaptotagmin-1 regulates
dopamine secretion. The loss of dopamine functioning is cru-
cial in PD. Indeed, DLG4 is involved in several pathways of
neurodegeneration (in multiple diseases), the HD pathway
as well as cocaine addiction.

3.2. GeneMANIA
GeneMANIA analysis was performed on the neurexins to
reveal further potential protein–protein interactions (figure 4d;
electronic supplementarymaterial, table S1).We performed the
analysis by selecting only proteins with stronger evidence of
neurexin interactions, such as interactions with physical evi-
dence, and evidence from co-expression and co-localization
studies.

All of the binding partners observed by STRING analysis
were still present; however, more interacting proteins were
also identified. These proteins have more diverse functions
but still function in overall synapse maintenance.

This analysis further identified afadin (AFDN), Rho
GTPase activating protein 10 (ARHGAP10), cerebellin 1
(CBLN1), dystroglycan (DAG1), microtubule actin cross-link-
ing factor 1 (MACF1), neurexophilin-2, neurexophilin-3, PDZ
domain-containing protein 2 (PDZD2), proteolipid protein 1
(PLP1), syndecan binding protein 1 (SDCBP), SDCBP2, SH3
domain-containing GRB2-like protein 2 (SH3GL2), signal-
induced proliferation-associated 1-like protein 1 (SIPA1L1),
synaptotagmin-13 (SYT13) TAFA chemokine-like family
member 1 (TAFA1), TUBB-like protein 1 (TULP1) and XK-
related protein 4 (XKR4) as interactors of one or more
neurexin proteins. AFDN, ARHGAP10, MACF1 and
SIPA1L1 are all involved in actin filament binding/
organization, while PDZD2, SDCBP and SDCBP2 are
involved in cell binding and cytoskeletal organization.
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Dysregulation of any of these proteins could thus affect cell
adhesion and binding at the synapse. In addition, variants
in MACF1 have been implicated in lissencephaly 9 with com-
plex brainstem malformation [37]. CBLN1 is essential for
synapse integrity and plasticity and its disruption could
lead to synapse dysfunction. DAG1 has multiple functions,
such as laminin and basement membrane assembly, cell sur-
vival, peripheral nerve myelination, nodal structure and cell
migration. Variants in DAG1 have been implicated in both
type A and type C muscular dystrophy–dystroglycanopathy
[38–41]. Muscular dystrophies are genetic disorders charac-
terized by the degeneration of skeletal muscle. Type C
muscular dystrophy–dystroglycanopathy affects the limb-
girdle area [40], while type C is congenital with brain and
eye anomalies [39]. Neurexophilin-2 and neurexophilin-3
are both ligands for α-neurexins and are involved in the
neuropeptide signalling pathway. Disruption of these pro-
teins could, therefore, affect neurotransmitter release and
the subsequent signalling. PLP1 is the major myelin protein
in the CNS and is important for maintaining the structure
of myelin. Disruption of this protein could, therefore, nega-
tively affect the downstream myelination of neurons, as is
seen in multiple sclerosis (MS). Interestingly, PLP1 is also
involved in the development of the substantia nigra, the
main brain region affected by PD. Therefore, PLP1 alterations
could also lead to disruptions in this brain region. SH3GL2
has been implicated in synaptic vesicle endocytosis, while
synaptotagmin-13may be involved in transport vesicle docking
to the plasmamembrane. Dysregulation of these proteins could
thus affect neurotransmitter functioning. TAFA1 is involved in
the modulation of neural stem cell proliferation and differen-
tiation; therefore, dysregulation of this protein could result in
developmental disorders. TULP1 is required for normal devel-
opment of photoreceptor synapses. Variants in TULP1 are
associated with Leber congenital amaurosis [42,43] and retinitis
pigmentosa [42,44–47]. However, this protein is also involved in
actin filament binding, therefore, its dysregulation could also
affect cell adhesion and binding at the synapse. Not much is
known about XKR4 except that it is involved in apoptosis
during development. Therefore, its dysregulation could also
possibly result in developmental disorders.

GO terms and physiological/pathway information on all
binding partners identified by STRING and GeneMANIA are
available in electronic supplementary material, figure S1 and
table S1.
4. Role of neurexins in neuropsychiatric
disorders

Literature-based searches using neurexin as a search term
identified several studies that reported an association of
neurexins in various neuropsychiatric disorders. The main
findings of these studies are reported in table 1 and are
summarized below.

4.1. Human studies
NRXN1 has been well documented for its association with
ASDs [54]. Several genetic analyses of families and popu-
lations of people with ASD have shown that copy number
variations (CNVs) and de novo mutational events at the
NRXN1 locus are enriched in ASD [48,49,51,52,54]. In one
study, NRXN1 was sequenced in cases of ASD with mental
retardation [50]. Mutations (c.–3G > T in the Kozak region,
c.3G > T at the initiation codon (p.M1), p.R375Q and
p.G378S) were found in the NRXN1β coding region thereby
potentially implicate synapse dysfunction an important
determinant in ASD [50].

The first evidence for a potential role of NRXN2 in ASD
was provided by a report of a frameshift mutation within
NRXN2 exon 12 (c.2733delT) in a boy with ASD and his
father who had severe language delay [57]. This mutation
results in a truncated neurexin 2α protein that lacks the bind-
ing sites for the established post-synaptic binding partners
LRRTM2 and neuroligin 2 [57]. Subsequently, a 21-year-old
man with a clinical phenotype including autistic traits, such
as speech and language deficits and pathological insistence
on routine, was reported to have a 570 kb de novo deletion
of 24 genes at chromosome 11q13.1, including NRXN2 [58].

Using microarray analyses on RNA extracted from brain
tissue,Mirnics et al. [69] did not observe a difference in neurexin
1 expression between schizophrenia (SCZ) and control samples.
However, since then, a link between neurexin 1 and SCZ has
been reported in other studies. One study reported that
NRXN1 deletions are more common in those with SCZ; how-
ever, it also found that there was incomplete penetrance of
these deletions in families with SCZ [72]. Kirov et al. [70]
observed a deletion in an SCZ patient at 2p16.3 that disrupts
NRXN1 and predicted that itwas highly likely to be pathogenic.
Also, NRXN1 deletions were shown to segregate with several
neuropsychiatric disorders in a study of a complex family
[78]. The proband had SCZ and other members of his family
had mental retardation, schizophreniform disorder and affec-
tive disorder [78]. After genotyping the proband and eight
family members, they found two rare deletions upstream of
theNRXN1 gene (2p16.3) that co-segregatewith these disorders
[78]. Notably, this shows that deletions inNRXN1maymanifest
as multiple neuropsychiatric phenotypes.

Angione et al. [64] implicated NRXN1 in epilepsy. They
identified a 2p16.3 deletion in an 8-year-old male patient
diagnosed with epilepsy showing symptoms of myoclonic-
atonic seizures (EMAS) [64]. This deletion included the first
five exons of the NRXN1 gene [64].

NRXN genes may also be involved in treatment response.
In one study, it was found that variants in NRXN1 may affect
the long-term treatment outcome of patients with BD by
modulating the effects of antipsychotics [61]. In a study of
Levetiracetam resistance, an antiepileptic drug, Grimminger
et al. [63] found that neurexin 1 is differentially expressed in
non-responder and responder patients with mesial temporal
lobe epilepsy (mTLE), whereby lower levels of neurexin 1
were observed in responder patients.

4.1.1. Association studies

A genome-wide association study (GWAS) by Liu et al. [51]
specifically examined NRXN1 in an autism cohort of the Chi-
nese Han population and discovered 22 variants that were
associated with ASD. In this cohort, one SNP (rs2303298)
was also significantly associated with a risk of developing
ASD [51]. Furthermore, a GWAS of SCZ in Spain showed
that a NRXN1 single nucleotide polymorphism (SNP)
(rs3850333) was close to the significance threshold [71], while
another GWAS in American patients of European or African
ancestry showed that NRXN1 is associated with antipsychotic



Table 1. List of studies that have implicated neurexin genes in neuropsychiatric disorders. AAV, adeno-associated virus; AGRE, Autism Genetic Resource Exchange; Array-CGH, array comparative genomic hybridization; CBDB, Clinical Brain
Disorders Branch; CIBERSAM, Centro de Investigación Biomédica en Red de Salud Mental; CNV, copy number variation; EMAS, epilepsy with myoclonic-atonic seizures; GWAS, genome-wide association study; hESC, human embryonic stem
cell; iN, induced neuron; iPSC, induced pluripotent stem cell; KO, knockout; LC-MS/MS, liquid chromatography mass spectrometry/mass spectrometry; mESC, mouse embryonic stem cell; mTLE, mesial temporal lobe epilepsy; NGS, next-
generation sequencing; NIMH, National Institute of Mental Health; RT–PCR, reverse transcriptase–polymerase chain reaction; SNP, single nucleotide polymorphism; SSC, Simons Simplex Collection; STEP-BD, Systematic Treatment
Enhancement Program for Bipolar Disorder; WT, wild-type.

disorder/disease

process

neurexin

gene type of study methods main finding reference

autism spectrum

disorder (ASD)

NRXN1 genetic analysis used SSC samples and the SSC database to extract ‘trios’ consisting of

a mother, father and an ASD-affected child

a de novo CNV in NRXN1 was discovered in a large cohort of families with a single

ASD-affected child and at least one unaffected sibling

[48]

performed genetic analyses to identify CNVs

ASD NRXN1 GWAS 1174 families from SSC were genotyped rare de novo events/CNVs at NRXN1 are strongly associated with autism [49]

identified CNVs and de novo events

ASD NRXN1β genetic analysis 86 patients with both ASD and mental retardation four novel mutations in NRXN1β were identified by sequencing the exon of the gene

in cases with autism and mental retardation

[50]

The coding sequence of the NRXN1β gene was analysed by PCR

ASD NRXN1 genetic analysis 313 ASD patients and 500 healthy controls from a Chinese autism

cohort were recruited

22 variants in the NRXN1 gene were discovered in the Chinese Han population; one

SNP (rs2303298) was significantly associated with a risk of autism in this cohort

[51]

performed genomic DNA sequencing

ASD NRXN1 genetic analysis 2478 ASD individuals from SSC and 719 ASD individuals from AGRE recurrent CNVs in NRXN1 are enriched in autism. [52]

580 controls from ClinSeq and NIMH

used a custom microarray to analyse CNVs

ASD NRXN1, 2

and 3

cell culture iPSCs were produced from probands and unaffected family members neurexin 1, 2 and 3 mRNA is overexpressed in patient-derived iPSCs and differentiated

organoids

[53]

iPSCs underwent neuronal differentiation to organoids

RNA sequencing was performed on both iPSCs and differentiated

organoids

ASD NRXN1 genetic analysis 2591 families from SSC were genotyped NRXN1 is an ASD risk gene [54]

identified CNVs, de novo deletions and ASD risk genes

ASD NRXN1

and 2

animal study RNA was isolated from the whole brain of age-matched monoamine

oxidase A KO mice and wild-type mice

neurexin 1 and 2 are downregulated in monoamine oxidase A KO mice [55]

Microarrays were used to determine gene expression levels

ASD α-NRXNs animal and cell

culture study

transfected C. elegans strains and HEK-293 cells with plasmids

expressing NRXN1α and different α2δ subunits

changes in α-neurexin binding to α2δ-3 subunits of N-type calcium channels could

be important in some forms of autism spectrum disorders

[56]

performed co-immunoprecipitation and pull-down assays

ASD NRXN2 genetic analysis 142 ASD patients and 94 non-syndromic controls observed a frameshift mutation in NRXN2 exon 12 in a patient with ASD inherited

from a father with severe language delay

[57]

sequenced NRXN 1,2 and 3 genes

(Continued.)
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Table 1. (Continued.)

disorder/disease

process

neurexin

gene type of study methods main finding reference

ASD NRXN2 genetic analysis recruited a patient with speech problems, autistic traits and

pancreatic gastrinoma

a de novo 0.57 Mb microdeletion was observed in chromosome 11q13.1, including

NRXN2

[58]

performed array-CGH

ASD NRXN2 animal study used previously collected human faecal samples from typically

developing children and children with ASD

mice colonized by microbiota from ASD patients showed differential splicing of NRXN2 [59]

C57BL/6 J weanlings were colonized with human faecal samples

brain tissue RNA was extracted and sequenced

bipolar disorder (BD) NRXN3 GWAS obtained participants from a family study of mood disorders in

Taiwan (2008–2012)

NRXN3 shows a significant association with bipolar disorder [60]

performed a multi-stage GWAS

BD NRXN1 genetic analysis obtained patient genotyping and clinical data from STEP-BD NRXN1 may affect the long-term treatment outcome of bipolar disorder [61]

analysed data to determine the effect of individual markers on

phenotypes

borderline personality

disorder (BPD)

NRXN3 association study 1439 heroin-dependent BPD cases and 507 neighbourhood controls several NRXN3 SNPS were nominally associated with BPD phenotype in heroin-

dependent cases

[62]

genotyped NRXN3 SNPs and performed an association analysis

epilepsy NRXN1 microarray

analysis

obtained 53 biopsy specimens from mTLE patients neurexin 1 is differentially expressed in non-responder and responder mTLE patients to

the antiepileptic drug Levetiracetam

[63]

performed microarray analysis lower levels of neurexin 1 are observed in responder patients

epilepsy NRXN1 genetic testing 77 patients were identified at Children’s Hospital Colorado a 2p16.3 deletion, which includes the first five exons of the NRXN1 gene, was

identified in an 8-year-old male EMAS patient

[64]

various genetic tests were conducted

epilepsy/seizures NRXN2α animal study treated adult Wistar rats with kainite or pentylenetetrazole to induce

seizures

following kainate- and pentylenetetrazole-induced seizures in rats, neurexin 2α

expression increased in the dentate gyrus of the hippocampus

[65]

isolated total RNA from whole-rat brains and hippocampi

performed RT–PCR to determine the levels of different NRXNs

fragile X syndrome NRXN3 animal study used male and female WT and FMR1 KO mice (4–6 per experiment) there is increased neurexin 3 mRNA in female fragile X mice, but decreased neurexin 3

mRNA in male fragile X mice

[66]

analysed brain sections using riboprobes for NRXN1, 2 and 3 and

NLGN 1, 2 and 3

major depressive

disorder (MDD)

NRXN1, 2

and 3

animal study 81 healthy Sprague–Dawley rats were subjected to various mild stress

factors

neurexin 1, 2 and 3 were not differentially expressed in a rat chronic mild stress model

of depression

[67]

extracted proteins from hippocampal post-synaptic density fractions

analysis by LC-MS/MS

(Continued.)
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Table 1. (Continued.)

disorder/disease

process

neurexin

gene type of study methods main finding reference

neuropsychiatric

disorders

NRXN1 cell culture cultured cortical neurons from NRXN1α KO mice heterozygous NRXN1 mutations are able to selectively impair neurotransmitter release

and increase the levels of the synaptic scaffolding protein, CASK in human iNs but

not in the cortical neurons of NRXN1α KO mice

[68]

introduced conditional NRXN1 mutations into hESCs using AAV

recombination, and differentiated them into human iNs

analysed neuronal development, synapse formation and

neurotransmitter release

schizophrenia (SCZ) NRXN1 microarray

analysis

obtained brain tissue from 12 SCZ patients and 10 controls the expression of neurexin 1 was not significantly different between the schizophrenic

and control subjects

[69]

extracted total RNA

performed a microarray analysis

SCZ NRXN1 genetic analysis selected 45 male and 48 female proband-parent trios from a sample

of 600 Bulgarian SCZ trios

observed a 0.25 Mb deletion on 2p16.3 in both the proband and affected sibling

which disrupts NRXN1

[70]

performed Array-CGH

SCZ NRXN1 GWAS 3063 SCZ patients and 2847 controls from CIBERSAM the rs3850333 SNP in the NRXN1 gene was close to the significant threshold in a

GWAS of schizophrenia in Spain

[71]

performed a GWAS at 95 SNPs

SCZ NRXN1 genetic analysis obtained DNA of 635 SCZ patients and 635 controls from the CBDB

Sibling Study

NRXN1 deletions are more frequent in schizophrenia patients [72]

genotyped samples and analysed them for CNVs and deletions there is incomplete penetrance of NRXN1 deletions in families with schizophrenia

SCZ NRXN1 genetic analysis data from 572 SCZ patients and 551 controls were used to select

genes for sequencing

missense variants at NRXN1 may be protective against schizophrenia susceptibility [73]

153 SCZ patients and 153 controls were sequenced for 21 chosen

genes using NGS

SCZ NRXN1 cell culture isolated primary rat neurons from hippocampi overexpressing Caveolin-1, a potential therapeutic for schizophrenia, in neurons

increased expression of proteins involved in synaptic plasticity (PSD95,

synaptobrevin, synaptophysin, neurexin 1 and syntaxin 1) as well as DISC1

[74]

differentiated human neurons derived from human iPSCs

overexpressed Caveolin-1 in both cell types

western blotting was used to measure the expression of proteins

involved in synaptic plasticity as well as DISC1, an SCZ-associated

protein

(Continued.)
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Table 1. (Continued.)

disorder/disease

process

neurexin

gene type of study methods main finding reference

SCZ NRXN1 animal study generated iPSCs from 5 childhood-onset SCZ patients and 4 controls neurexin 1 was downregulated in chimeric mice produced from iPSCs derived from

patients with childhood-onset schizophrenia

[75]

differentiated iPSCs into glial cells

transplanted glial cells into mice via injection into the corpus

collosum

performed molecular analyses on both the differentiated glial cells

and chimeric mice

SCZ NRXN1 GWAS obtained genetic data and treatment response data of 302 SCZ

patients treated with lurasidone and 117 SCZ patients treated with

a placebo from two clinical SCZ trials

NRXN1 is associated with antipsychotic response to lurasidone in schizophrenia patients [76]

performed a GWAS

SCZ NRXN1 cell culture generated iPSCs from 3 NRXN1 deletion SCZ patients and 3 controls

and differentiated them into human iNs

heterozygous NRXN1 deletions impair neurotransmitter release and synaptic function,

and increase the levels of the synaptic scaffolding protein, CASK in human iNs but

not mESCs generated from NRXN1 KO mice

[77]

generated mESCs from NRXN1 KO mice

analysed neuronal development, synapse formation and

neurotransmitter release

SCZ and other

neuropsychiatric

disorders

NRXN1 genetic analysis recruited a family with multiple neuropsychiatric disorders two rare deletions upstream of the NRXN1 gene (2p16.3) segregate with schizophrenia,

schizophreniform disorder, and affective disorder in a family

[78]

the proband has SCZ, while other family members have mental

retardation, schizophreniform disorder and affective disorder

genotyped the proband and eight family members
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response to lurasidone in SCZ patients [76]. Additionally,
an association study on Spanish SCZ patients showed that
missense mutations in NRXN1 may actually protect against
susceptibility to SCZ [73].

In a Taiwanese GWAS study, a significant association
between NRXN3 and BD was found [60]. And finally, an
association study on Australian borderline personality dis-
order (BPD) patients showed that several NRXN3 SNPS
were nominally associated with BPD in heroin-dependent
cases [62].

4.2. In vitro and in vivo models of disease
Functional in vitro and in vivo studies have also found evi-
dence for the roles of neurexins in ASD. Monoamine
oxidase A knockout (KO) mice, which are an animal model
for autism, exhibited downregulated levels of both neurexin
1 and neurexin 2 [55]. Furthermore, mice colonized with
the microbiota of ASD patients showed differential splicing
of NRXN2 [59]. Another animal study showed that changes
in the binding of α-neurexins to N-type calcium channels
could be important for some forms of ASD as it mediates
synaptic inhibition [56]. Finally, a study using ASD patient-
derived induced pluripotent stem cells (iPSCs) and differen-
tiated organoids showed that neurexin 1, 2 and 3 mRNA is
overexpressed in these samples [53].

One study examined neurexins in Fragile X syndrome, a
genetic disorder with features similar to ASD, and character-
ized by the silencing of the FMR1 gene [79]. Individuals
with Fragile X experience a range of neurodevelopmental
problems, such as learning disabilities and cognitive impair-
ment, and males are usually more severely affected. Using
FMR1 KO mice, researchers probed brain sections to deter-
mine the levels of neurexin 1, 2 and 3 [66]. Interestingly,
they found that neurexin 3 mRNA levels are increased in
female mice but decreased in male mice and predicted that
this may help explain the sex difference observed in this
disorder [66].

In an animal study of SCZ, neurexin 1 was found to be
downregulated [75]. This study generated iPSCs from patients
with childhood-onset SCZ, differentiated them into glial cells
and injected the glial cells into mice to form chimeric mice as
a model organism [75]. Interestingly, an in vitro study of SCZ
showed that overexpressing Calveolin-1, a potential thera-
peutic for SCZ, actually increased the levels of neurexin 1 as
well as other proteins involved in synaptic plasticity [74].

Neurexin 2α has been implicated in epilepsy and, more
specifically, in seizures. Researchers observed an increase in
neurexin 2α expression in the dentate gyrus of the hippo-
campus in an induced-seizure mouse model [65]. Finally, in
one study, a rat chronic mild stress model of depression
was used to determine if neurexin expression was altered in
major depressive disorder; however, no change in neurexin
1, 2 or 3 levels was observed [67].

So far, there have been two studies validating the effect of
NRXNs in vitro, both by Pak et al. [68,77]. These studies cul-
tured human stem cells as well as mice cells generated from
NRXN1 KO mice. The first study introduced two conditional
NRXN1 mutations previously seen in a range of neuropsy-
chiatric disorders, including ASD and SCZ, into human
embryonic stem cells (hESCs) using adeno-associated virus
recombination and differentiated them into human-induced
neurons (iNs) [68]. These cells were compared to cortical
neurons generated from NRXN1α KO mice [68]. The second
study generated iPSCs from three NRXN1 deletion SCZ
patients and three controls, and again differentiated them
into human iNs [77]. These cells were compared to mouse
embryonic stem cells (mESCs) from NRXN1 KO mice [77].
Both studies showed that heterozygous NRXN1 deletions
were able to impair neurotransmitter release and synaptic func-
tion, and increase the levels of the synaptic scaffolding protein,
CASK, in human iNs but not in mice cells [68,77]. Therefore,
these studies provide evidence that NRXN1 deletions exhibit
a major synaptic transmission phenotype in humans and are
thus meaningful at a pathophysiological level.

In summary, these studies demonstrate a link between
NRXNs and neuropsychiatric disorders such as ASD and
SCZ, especially involving full or partial deletions of these
genes. NRXNs have also been associated with BD and BPD.
In addition, protein expression studies have shown changes
in neurexin expression in animal models of epilepsy/seizures
and Fragile X syndrome.
5. Role of neurexins in neurodegenerative
disorders

Additionally, literature-based searches provided proof for the
involvement of neurexins in various neurodegenerative dis-
orders, and these studies are listed in table 2 and discussed
below.

5.1. Human studies
Studies examining cerebrospinal fluid (CSF) from AD patients
have observed lowered expression of neurexin 1 [81], as well as
neurexin 2α and neurexin 3α [85]. In addition, it was found that
these changes precede the neurodegeneration markers as they
were observed in the preclinical stage 1 of AD [85]. Moreover,
Aβ42 fibrils in CSF were found to bind to neurexin 1, 2 and 3 as
well as proteoglycans and growth factors [83]. Levels of the
synaptic proteins neuronal pentraxin 2 (NPTX2), GluA4-
containing glutamate (AMPA4), neuroligin 1 and neurexin 2α
are also declined in plasma neuron-derived exomes and this
decline was associated with AD progression [82]. Neurexin 3
protein expression has also been seen to be specifically
downregulated in blood samples of AD patients [84].

Another expression analysis on CSF from MS patients
identified neurexin 2α levels as a potential biomarker for the
disorder [98], while a genetic analysis found that a mutant
miRNA, MIR8485, overexpresses neurexin, which leads to a
calcium overload in pre-synapses [99]. It was hypothesized
that this could induce neurodegeneration in MS [99].

A study examining gene expression in brain tissue
samples of patients with PD found that genes related to
nerve function, such as protocadherin-8 (PCDH8) and neur-
exin 3, were downregulated [109].

Two studies on mild cognitive impairment (MCI) found
promising results.MCI is amilder formof dementia that is con-
sidered the intermediate state of cognitive decline between
normal ageing and dementia [114]. Berchtold et al. [95] found
that neurexin 1 and neurexin 2 are upregulated in MCI. In
addition, neurexin 1 expression was found to be associated
with longitudinal phenotypes in MCI, but not in AD [96].

One study examined neurexins in order to identify genes
that are differentially regulated by HIV encephalitis [94]. This



Table 2. List of studies that have implicated neurexin genes in neurodegenerative disorders and ageing. 6-OHDA, 6-hydroxydopamine; ACP-RT–PCR, annealing control primer reverse transcriptase–polymerase chain reaction; ADNI,
Alzheimer’s disease neuroimaging initiative; AMPA4, GluA4-containing glutamate; CSF, cerebrospinal fluid; EAE, experimental autoimmune encephalomyelitis; ELISA, enzyme-linked immunosorbent assay; FTD-GWAS, frontotemporal
dementia genome-wide association study; GEO, gene expression omnibus; GWAS, genome-wide association study; HIV, human immunodeficiency virus; HYPERGENES, European Network for Genetic-Epidemiological Studies; LC-MS/MS,
liquid chromatography mass spectrometry/mass spectrometry; LC-SRM, liquid chromatography single reaction monitoring; MAP, Rush Memory and Ageing Project; MR, magnetic resonance; MRI, magnetic resonance imaging; NPTX2,
neuronal pentraxin 2; ONIND, other non-inflammatory neurological disease; PCDH8, protocadherin-8; PPMI, Parkinson’s Progression Markers Initiative; qRT-PCR, quantitative real-time PCR; RAP-PCR, reverse arbitrarily primed PCR; rMOG, rat
myelin oligodendrocyte glycoprotein; RRMS, relapsing–remitting MS; RT–PCR, reverse transcriptase–PCR; SNP, single nucleotide polymorphism; UV-CLIP, ultraviolet cross-linking and immunoprecipitation; WES, whole-exome sequencing.

disorder/disease

process

neurexin

gene type of study methods main finding reference

Alzheimer’s disease

(AD)

NRXN3 GWAS of brain

structure

obtained neuroimaging and genetic data from 818 subjects as part of

ADNI

NRXN3 (KIAA0743) is associated with temporal lobe structure in AD

patients

[80]

performed a GWAS with 546,314 SNPs using temporal lobe and

hippocampal volume as quantitative phenotypes

AD NRXN1 protein expression

analysis

collected CSF samples from 10 AD patients and 15 healthy controls the concentrations of the synaptic proteins neurexin 1 and neuronal PTX1,

as well as neurofascin, were significantly lowered in AD CSF

[81]

analysis using LC-MS/MS

AD NRXN2α protein expression

analysis

collected blood and CSF samples from 28 AD patients and 28 controls significantly lower levels of the synaptic proteins NPTX2, AMPA4,

neuroligin 1 and neurexin 2α in the plasma neuron-derived exomes

correlate with AD progression

[82]

extracted plasma neuron-derived exomes

CD81, NPTX2, AMPA4, neuroligin 1 and neurexin 2α proteins were

quantified using ELISAs

AD NRXN1, 2

and 3

protein expression

analysis

collected CSF samples from six AD patients and five non-AD patients Aβ42 fibrils in AD CSF are involved in binding to proteoglycans, growth

factors and neuron-associated proteins, such as neurexin 1, 2 and 3

[83]

binding assays were performed to determine which proteins in CSF bind

to Aβ42 fibrils and/or protofibrils

AD NRXN3 transcriptome and

RNA expression

analysis

selected data from 263 AD patients and 151 non-demented controls

sampled from the religious orders study

neurexin 3 expression is downregulated in AD [84]

performed RNA expression profiling

AD NRXN2α and

NRXN3α

protein expression

analysis

collected CSF samples from AD patients and cognitively normal controls

(three stage study with different n for each stage)

levels of neurexin 2α and neurexin 3α, as well as other synaptic proteins

are decreased in preclinical AD CSF

[85]

performed LC-MS/MS and LC-SRM

AD and ageing NRXN1, 2

and 3

microarray analysis obtained frozen brain samples from 26 AD cases and 55 non-AD controls

from National Institute on Ageing Alzheimer’s disease brain banks

SYNAPTIC proteins, including neurexin 1, 2 and 3, undergo altered

expression in ageing and AD

[86]

used microarrays to evaluate expression profiles of 340 synaptic genes

AD and ageing NRXN3 animal study mice were divided into four groups, with four mice in each group:

memory intact AD-transgenic mice, memory impaired AD-transgenic

mice, memory intact aged mice and memory impaired aged mice

neurexin 3 is downregulated in AD-transgenic mice with impaired

memory, but not in normal aged mice with impaired memory

[87]

performed proteomics on the hippocampus of each mouse

(Continued.)
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Table 2. (Continued.)

disorder/disease

process

neurexin

gene type of study methods main finding reference

AD and ageing NRXN1 and 3 microarray analysis performed a microarray analysis on 47 post-mortem brain samples from

cognitively intact aged individuals from the MAP study

neurexin 1 and 3 have decreased expression in ageing and AD but have

increased expression in association with late-life physical activity

[88]

identified 48 microarrays from the public GEO: 16 young cases,

18 cognitively intact aged cases and 14 AD cases

analysed data to identify genes related to physical activity, ageing and AD

ageing NRXN3 animal study cerebella were removed from three adult C57BL/6 J mice and three aged

C57BL/6Jnia mice

neurexin 3 is downregulated in the cerebellum of aged mice [89]

RNA was extracted and sequenced

ageing NRXN2 methylation analysis monocytes were purified from PBMCs CpG sites associated with NRP1, NRXN2 and miR-29b-2 are

hypomethylated in monocytes during ageing

[90]

analysis of methylation was performed on genomic DNA from monocytes

ageing NRXN1 animal study 28 Swiss albino mice were divided into four groups by age: young, adult,

middle age and old

neurexin 1 and neuroligin 3 are differentially expressed in cerebral cortex

and hippocampus during different stages of ageing, which might be

responsible for alterations in synaptic plasticity during ageing

[91]

molecular techniques were used to analyse neurexin 1 and neuroligin 3

expression

ageing NRXN2 and 3 transcriptome analysis collected data of 2202 post-mortem human brain samples of

neurologically healthy individuals with different ages

neurexin 2 and 3 are downregulated in ageing [92]

Calculated signal expression of genes

amyotrophic lateral

sclerosis (ALS)

NRXN1 cell culture and

expression analysis

performed UV-CLIP experiments on SH-SY5Y cells to find TDP-43 targets neurexin 1 and other TDP-43 targets are dysregulated in ALS [93]

validated these results on lumbar spinal cords from 4 ALS patients and 4

controls using RT-PCR

HIV encephalitis NRXN1 microarray analysis received cortical brain tissue from 13 HIV patients: eight with HIV

encephalitis and five without

neurexin 1 is downregulated in HIV encephalitis [94]

extracted total RNA

performed microarray analysis

mild cognitive

impairment (MCI)

NRXN1 and 2 microarray analysis obtained frozen brain samples from 16 MCI cases, 25 AD cases and 24

aged controls from National Institute on Aging Alzheimer’s Disease

brain banks

neurexin 1 and 2 are upregulated in MCI [95]

extracted total RNA

performed a microarray analysis

(Continued.)
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Table 2. (Continued.)

disorder/disease

process

neurexin

gene type of study methods main finding reference

MCI and AD NRXN1 association study obtained brain MR images of 400 MCI subjects, 400 AD subjects and 200

aged controls from the ADNI database

neurexin 1 expression is associated with longitudinal phenotypes in MCI,

but not in AD

[96]

obtained genotype data for 510 of these subjects from the ADNI database

performed an association study

multiple sclerosis (MS) NRXN3 animal study induced EAE in 17 rats by injecting rMOG neurexin 3 is downregulated in grey matter of EAE-induced rats [97]

six control rats were treated with saline

extracted total RNA

used a cDNA expression array

MS NRXN2α protein expression

analysis

collected CSF samples from 37 RRMS patients, 50 patients with ONIND

and patients with non-neurological (orthopaedic) diseases

neurexin 2α in CSF is a potential biomarker for MS [98]

analysis using LC-MS/MS

MS NRXN1 genetic analysis collected blood from a female patient with RRMS overexpression of neurexin 1 by mutant MIR8485 leads to calcium overload

in pre-synapses. This could induce neurodegeneration in MS

[99]

performed WES and screened for mutations

MS NRXN1 cell culture treated THP-1 cells with ceramides to induce hypermethylation of DNA ceramide-induced hypermethylation of DNA was associated with decreased

transcript levels of neurexin 1 in cultured human monocytes

[100]

isolated genomic DNA

measured levels of neurexin 1, FZD7 and TP63 using qRT-PCR

neurodegeneration NRXN3 animal study 45 DA(RT1av1) and 45 PVG(RT1c) adult rats neurexin 3 is downregulated in rats with axonal damage caused by ventral

root avulsion

[101]

subjected rats to ventral root avulsion

extracted total RNA

used a cDNA expression assay and performed RT–PCR

neurodegeneration NRXN3 animal study three experimental groups with five ICR mice each neurexin 3 is downregulated in the hippocampus of mice treated with

kainic acid, an inducer of neurodegeneration

[102]

injected kainic acid into ICR mice

extracted total RNA from the hippocampus

performed ACP-RT-PCR and sequenced the PCR products

neurodegeneration NRXN1 bioinformatics and cell

culture

analysed cross-linking, immunoprecipitation and sequencing data from the

ArrayExpress archive to identify RNAs bound to TDP-43 in human and

mouse brains

a novel TDP-43 binding miRNA, miR-NID1 (miR-8485), represses neurexin

1 expression and may play a role in neurodegeneration

[103]

quantitative RT–PCR was used to measure mRNA expression

(Continued.)
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Table 2. (Continued.)

disorder/disease

process

neurexin

gene type of study methods main finding reference

neurodegeneration NRXN1β cell culture transfected rat hippocampal neurons to overexpress acetylcholinesterase excessive glycosylated acetylcholinesterase could competitively disrupt

neurexin 1β-neuroligin junctions and impair the integrity of

glutamatergic synapses

[104]

performed a co-immunoprecipitation assay with neurexin 1 and

acetylcholinesterase

co-transfected HEK-293 cells to express neurexin 1β and neuroligin 1 and

cultured these cells in acetylcholinesterase conditioned media

performed a co-immunoprecipitation assay with neurexin 1β and

neuroligin 1

neurotoxicity NRXN3β animal study groups of 3 Sprague–Dawley rats were treated with sarin via intra-

muscular injection

sarin exposure causes a persistent downregulation of neurexin 1β and

breakdown of the blood–brain barrier

[105]

rats were sacrificed 15 min or 3 months after sarin exposure

dissected brains and extracted total RNA

performed a microarray analysis

neurotoxicity NRXN2α animal study wild-type zebrafish were repeatedly exposed to domoic acid via

intracoelomic injection

neurexin 2α was upregulated in zebrafish two weeks after exposure to

domoic acid, a neurotoxin

[106]

dissected brains and extracted total RNA

performed a microarray analysis

Parkinson’s disease

(PD)

NRXN1 cell culture cultured SH-SY5Y cells and primary mouse mesencephalic cells downregulation of neurexin 1 mRNA and protein was observed in the 6-

OHDA-induced cell culture models of PD

[107]

treated cells with 6-OHDA

performed RAP-PCR and analysed the PCR products using RT–PCR and

qRT–PCR

PD NRXN2 animal study transgenic mice were assigned to 4 treatment groups with 20 mice per

group

transgenic mice overexpressing α-synuclein have increased levels of

neurexin 2

[108]

cholesterol oximes were administered in food pellets chronic administration of cholesterol oximes to these mice decreased

neurexin 2 levels

TH+ neurons were isolated from the substantia nigra and subjected to a

transcriptome analysis

PD NRXN3 genetics analysis obtained genomic data of 29 PD samples and 18 controls from the GEO

database

genes related to nerve function, such as PCDH8 and neurexin 3, are

downregulated in PD brain tissue samples

[109]

analysed the data to identify disease-related genes and differential gene

expression

(Continued.)
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Table 2. (Continued.)

disorder/disease

process

neurexin

gene type of study methods main finding reference

PD NRXN1 animal study adult Wistar rats were divided into five treatment groups, with 6–8 rats in

each group

neurexin 1 is significantly decreased in the striatum of 6-OHDA-induced

rats

[110]

experimental groups had 6-OHDA brain injections with or without different

concentrations of allopregnanolone

treatment with allopregnanolone attenuates this and other molecular

changes

western blots were performed to evaluate the levels of the synaptic

proteins PSD95 and neurexin 1 in the striatum

PD NRXN1 RNA expression

analysis

MRI data from 149 PD patients and 64 healthy controls were obtained

from the PPMI database

neurexin 1 does not have an expression pattern that predicts regional

atrophy in PD

[111]

17 genes of interest implicated in PD were selected for whole-brain

expression analysis

PD NRXN1 animal study adult Wistar rats were divided into seven treatment groups, with seven

rats in each group

neurexin 1 expression is decreased in the striatum of 6-OHDA-induced rats [112]

experimental groups had 6-OHDA brain injections with or without different

concentrations of apelin-13

6-OHDA rats treated with apelin-13 showed increased neurexin 1

expression in the striatum

western blots were performed to evaluate the levels of the synaptic

proteins PSD95, neurexin 1 and neuroligin in the striatum

spinal muscular

atrophy (SMA)

NRXN2α animal study used HB9:D3cpv/MN-transgenic zebrafish and Smn–/−/SMN2 mice SMN-deficiency downregulates neurexin 2α expression and alters its

splicing in zebrafish and mouse models of SMA

[113]

isolated total RNA from both models

performed a microarray analyses and qRT–PCR
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microarray study showed that neurexin 1 is downregulated in
HIV encephalitis.

Finally, González-Velasco et al. [92] showed that neurexin
2 and neurexin 3 mRNA levels are downregulated in ageing.
Another study found that neurexin 1, 2 and 3 underwent
altered expression in both AD and ageing [86]. A more
recent study from the same group confirmed decreased
expression of both neurexin 1 and neurexin 3 in AD and
ageing [88]. Interestingly, they also found that late-life phys-
ical activity is associated with increased expression of these
proteins [88].

5.1.1. Association study

A GWAS performed by Stein et al. [80] showed that the SNP
rs7155434 within NRXN3 is associated with temporal lobe
structure in AD patients. Temporal lobe volume deficits are
a known risk factor for AD; therefore, this study potentially
implicates NRXN3 with AD risk [80].

5.2. In vitro and in vivo models of disease
Several studies involving cell culture and/or rodent disease
models have also shown differences in the expression of neur-
exin proteins. Three studies showed that neurexin 1 is
downregulated in PD. One of these measured neurexin 1
mRNA in two 6-OHDA (6-hydroxydopamine)-induced cell
culture models; one using human neuroblastoma (SH-SY5Y)
cells and the other using primary mouse mesencephalic cells
[107]. The other studies used a 6-OHDA-induced rat model of
PD and both saw a decrease in neurexin 1 in the striatum
[110,112]. In addition, these studies showed that treatment
with apelin-13 [112] or allopregnanolone [110] is able to attenu-
ate this change. Apelin-13 is an endogenous ligand forAPJ [115]
that has been investigated as a potential protective neuropep-
tide due to the role of the apelin-APJ system in neuronal
survival [116], while allopregnanolone is a reduced metabolite
of progesterone [117] and has reduced CSF levels in PD patients
[118]. Freeze et al. [111], however, noted that the expression
pattern of neurexin 1 does not predict regional atrophy in PD.
This suggests that neurexin 1 is not a marker for PD; however,
it does not exclude it as an important protein in PD patho-
genesis. Another study in PD-transgenic mice overexpressing
α-synuclein found that neurexin 2 expression was also upregu-
lated [108]. In addition, chronic administration of cholesterol
oximes was able to increase the transcription of cytoprotective
genes and undo transcriptome alterations, including the
alteration of neurexin 2 expression [108].

Two studies using induced models of MS implicated neur-
exins in this disorder. One study induced experimental
autoimmune encephalomyelitis (EAE) in rats and observed
downregulation of neurexin 3 [97]. This is a commonly used
model that mimics certain aspects of MS. The other study
used an in vitro model of MS, cultured human monocytes,
and observed an association between ceramide-induced
hypermethylation of DNA and neurexin 1 mRNA [100].

An animal study performed by Neuner et al. [87] showed
that neurexin 3 is downregulated in AD-transgenic mice, but
not in normal aged mice with impaired memory. However,
Popesco et al. [89] found that neurexin 3 is downregulated
in the cerebellum of aged mice. Another study found that
levels of both neurexin 1 and neuroligin 3 are differentially
expressed in cerebral cortex and hippocampus of mice and
that these expression levels change during different stages
of ageing [91]. They predicted that this may be responsible
for the changes in synaptic plasticity observed with age
[91]. Finally, a DNA methylation study by Tserel et al. [90]
showed that CpG sites associated with NRP1, NRXN2 and
miR-29b-2 are hypomethylated in monocytes during ageing.

To date, only one study has examined neurexins in amyo-
trophic lateral sclerosis (ALS) and spinal muscular atrophy
(SMA). In a cell culture model of ALS, neurexin 1 and other
RNA targets of TDP-43 were dysregulated [93]. TDP-43 is a
component of the cytoplasmic inclusion bodies present in
ALS patients [93]. Fragments of TDP-43 are ubiquitinated,
hyperphosphorylated and then accumulate in neurons and
glia [119]. In zebrafish and mouse KO models of SMA, the
SMN-deficiency downregulated neurexin 2α expression and
altered its splicing [113]. SMA is associated with mutation
or deletions in the SMN gene [120] and lack of the SMN
protein causes degeneration and results in anterior horn
cell dysfunction.

5.3. Models of induced neurodegeneration and toxicity
Several studies investigated neurexins in models of
neurodegeneration or toxicity instead of studying a specific
neurodegenerative disease.

Four studies examined the role of neurexins in models of
induced neurodegeneration. Two of these studies hypothesized
that neurexin 1 could play a role in neurodegeneration. The first
study showed that a novel TDP-43 binding miRNA, miR-NID1
(miR-8485) is able to repress neurexin 1 and predicted that this
could play a role in neurodegeneration [103]. Xiang et al. [104]
found in vitro that excessive glycosylated acetylcholinesterase
could competitively disrupt the neurexin 1β-neuroligin junc-
tions and impair the integrity of glutamatergic synapses,
which could lead to neurodegeneration. The other two studies
showed that neurexin 3 is downregulated in animal models of
neurodegeneration [101,102]. Suh et al. [102] saw that neurexin
3 was downregulated in the hippocampus of mice treated with
kainic acid, an inducer of neurodegeneration, while Swanberg
et al. [101] found that neurexin 3 is downregulated in rats
with axonal damage caused by ventral root avulsion.

Two studies were conducted in animal models of neuro-
toxicity. One study exposed zebrafish to chronic, low levels
of the neurotoxin domoic acid and saw an upregulation of
neurexin 2α after two weeks [106]. The other study exposed
rats to acute doses of sarin, which caused a persistent down-
regulation of neurexin 1β and breakdown of the blood–brain
barrier [105].

In summary, multiple studies have shown changes in
neurexin expression in AD, ALS, MS, PD and SMA. Many
of these studies have observed downregulation of protein
expression for neurexin 1, 2 and 3 in these disorders. Simi-
larly, downregulation of neurexin 1, 2 and 3 were observed
in disorders such as HIV encephalitis and MCI and in studies
on ageing, in models of neuronal toxicity, and animal models
of MS and ALS.
6. Concluding remarks
A clear link between synaptic dysfunction and neurodegenera-
tive as well as neuropsychiatric disorders has been established
in recent years. Our literature-based searches revealed several
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studies that have linked CNVs, deletions or expression changes
in neurexins to different disorders. The evidence is most com-
pelling for a role of neurexins in neuropsychiatric disorders,
particularly in regard to the involvement of neurexin 1 in
ASD and SCZ. Currently, there is comparatively less evidence
for the involvement of neurexins in neurodegenerative dis-
orders. Although there have been some studies that have
suggested that neurexins may be important in these disorders,
at this stage more experimental data are still needed to draw
concrete conclusions. Therefore, it is apparent that more tar-
geted studies in various disorders involving these genes as
well as the proteins they encode are warranted. In terms of
their broader biological and physiological functions, the neur-
exins function as molecular inducers, are involved in iron and
protein binding, and play a role in cell-to-cell communication
and response to stimuli, consequently making them critical
for normal cell functioning. Furthermore, these proteins interact
with various other proteins such as the neuroligins and the
LRRTM proteins identified via protein interaction networks.
This implicates the neurexins’ involvement in synaptic integrity
and functioning making them promising candidates as disease
genes for a wide range of brain pathologies.

In summary, this review serves to highlight the potential
importance of the neurexin genes and proteins in human dis-
ease and recommends that more targeted studies on these
genes and proteins are warranted. Furthermore, with the
wealth of exomic and genomic sequences and genome-wide
transcriptomic datasets now available, it has become plausible
to interrogate them for their involvement in various human
disorders, on a scale not previously possible. In addition, the
human neurexin protein structures urgently need to be
solved to understand the function and infer accurate protein–
protein interactions as well as to understand the effect of
mutations on the protein structure. Ultimately, improved
knowledge on synapses and their individual components are
necessary to develop novel therapeutic approaches for the
emerging and exciting field of synaptopathies.
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CHAPTER 5 
Functional Analysis of the NRXN2 p.G849D Variant 

 

This chapter consists of a submitted manuscript that addressed Objectives 3-5 of this study. In this 

chapter we performed functional studies on the identified NRXN2 p.G849D variant to better 

understand its potential role in PD. We first obtained the NRXN2α-ECFP-N1 plasmid from Prof. 

Ann Marie Craig (University of British Columbia, Canada), which expresses mouse NRXN2α. 

We used site-directed mutagenesis to generate the mutant plasmid (p.G882D in our mouse model). 

The plasmids were transfected into SH-SY5Y neuroblastoma cells and functional assays were 

performed to evaluate the effect of the mutant on cellular health, mitochondrial health, and 

oxidative stress.  
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ABSTRACT         

Background: Parkinson’s disease (PD) is a neurodegenerative movement disorder, affecting 1-

2% of the human population over 65. A previous study by our group identified a p.G849D variant 

in neurexin 2α (NRXN2) co-segregating with PD, prompting validation of its role using 

experimental methods. This novel variant had been found in a South African family with 

autosomal dominant PD. NRXN2α is an essential synaptic maintenance protein with multiple 

functional roles at the synaptic cleft.  

Objective: The aim of the present study was to investigate the potential role of the translated 

protein NRXN2α and the observed mutant in PD by performing functional studies in an in vitro 

model.  

Methods: Wild-type and mutant NRXN2α plasmids were transfected into SH-SY5Y cells to 

assess the effect of the mutant on cell viability and apoptosis [(3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) Assay; ApoTox-Glo™ Triplex Assay)], mitochondrial 

membrane potential (MMP; MitoProbe™ JC-1 Assay), mitochondrial network analysis 

(MitoTracker®) and reactive oxygen species (ROS; ROS-Glo™ H2O2 Assay).  

Results: Cells transfected with the mutant NRXN2α plasmid showed decreased cell viability and 

MMP. They also exhibited increased ROS production. However, these cells showed no changes 

in mitochondrial fragmentation.  

Conclusion: Our findings led us to speculate that the p.G849D variant may be involved in a toxic 

feedback loop leading to neuronal death in PD. Mitochondrial dysfunction and synaptic 

dysfunction have been linked to PD. Therefore, findings from this exploratory study are in line 

with previous studies connecting these two processes and warrants further investigation into the 

role of this variant in other cellular and animal models. 

 

Keywords Parkinson’s disease; neurexin 2α (NRXN2), p.G849D variant; cell viability; 

mitochondrial membrane potential; oxidative stress 
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Introduction 

Parkinson’s disease (PD) is the fastest growing neurological disorder globally in terms of 

prevalence (Feigin et al. 2017). It is a neurodegenerative disorder of movement, affecting 1-2% of 

the population over the age of 65 (de Rijk et al. 2000). The cardinal symptoms include resting 

tremor, bradykinesia, and postural instability (Jankovic 2008). In addition, the non-motor 

symptoms of PD usually develop before the motor symptoms and include constipation, depression, 

dementia, and sleep disturbances (Tyson et al. 2016). PD is pathologically defined by the loss of 

dopaminergic neurons in the substantia nigra and the presence of intraneuronal cytoplasmic 

inclusions, called Lewy bodies (Dauer and Przedborski 2003). The substantia nigra pars compacta 

(SNpc) is responsible for dopaminergic innervation to the striatum, to integrate cortical and 

thalamic innervation, and to control movement initiation (Lima et al. 2009). Therefore, the loss of 

dopamine neurons negatively impacts the communication of the substantia nigra with the neurons 

of the dorsal striatum, resulting in the motor symptoms observed in PD (MacDonald et al. 2013). 

PD can present as either sporadic or familial forms, with sporadic forms comprising approximately 

90% of the cases (Yasuda and Mochizuki 2010). In sporadic PD, ~90 associated loci have been 

implicated through genome-wide association studies (GWAS), that harbor ~187 genes 

(Blauwendraat et al. 2019). These polymorphisms contribute only marginally to disease 

susceptibility (ORs <1.5, with the majority <1.1).  The factors implicated in familial PD are better 

understood and provides clues as to the molecular pathogenesis of the disorder (Klein and 

Westenberger 2012). Mutations consistent with a Mendelian pattern of inheritance are rare and 

globally account for <1% PD.  In total, there are ~30-40 genes “linked” to disease (in genes such 

as LRRK2 and SNCA), with mutant alleles of major effect (ORs >10) (Lill 2016; Puschmann 2017).   

In contrast to the global advances in the understanding of PD genetics, studies on sub-Saharan 

African (SSA) populations are scarce. In addition, many studies have shown that the known PD 

mutations are only minor contributors to the etiology of PD in SSA populations (Okubadejo et al. 

2008; Bardien et al. 2009, 2010; Keyser et al. 2009, 2010; Cilia et al. 2012; Yonova-Doing et al. 

2012; Blanckenberg et al. 2013, 2014; van der Merwe et al. 2016). 

In order to help bridge this knowledge gap, we previously recruited a multiplex South African 

family for a whole-exome sequencing study to identify a possible novel PD-causing gene (Sebate 

et al. 2021). After the sequencing, in silico pathogenicity analysis, allele frequency analysis and 

pathway and expression analysis was performed, a novel variant, p.G849D, in neurexin 2α 

(NRXN2α) was prioritized as a potential candidate for PD (dbSNP: ss2137544362; genomic 

position: 64651507_chr11 (GRCh38), transcript ENST00000377559.7) (Sebate et al. 2021). This 

variant is heterozygous and has an autosomal dominant mode of inheritance within the family 

(Sebate et al. 2021). Neurexin proteins are embedded in the presynaptic membrane and interact 

with key postsynaptic surface proteins to regulate synapse maintenance and function (Craig and 

Kang 2007). In addition, neurexins and their common binding partners, neuroligins, have been 

associated with multiple developmental disorders and there is increasing evidence that they are 
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associated with several neurodegenerative disorders (For Review: Cuttler et al., 2021). There is a 

clear link between neurexins and neuropsychiatric disorders, such as autism spectrum disorder and 

schizophrenia. However, multiple expression studies have also shown changes in neurexin 

expression in several neurodegenerative disorders, including Alzheimer’s disease (Goetzl et al. 

2018; Lleó et al. 2019) and PD (Fu and Fu 2015) (For Review: Cuttler et al., 2021). 

Notably, a study using synaptosomes (representing synapses detached from neuronal cell bodies), 

which were isolated from the SNpc, showed altered mitochondrial translation in people with PD 

compared to healthy controls (Plum et al. 2020). These findings imply that there is mitochondrial 

dysfunction in synapses in individuals with PD and we hypothesize that this is due to synaptic 

dysfunction. Therefore, the aim of the present study was to investigate the potential role of wild-

type and p.G849D NRXN2α on mitochondrial function. This work could form the foundation 

necessary for the design of future studies on this variant in PD animal models.  

 

Methods 

Ethical Considerations 

Ethical approval was obtained from the Health Research Ethics Committee (Protocol numbers 

2002/C059 and S20/01/005 PhD) and the Research Ethics Committee: Biological and 

Environmental Safety (Protocol number BEE-2021-13149). Both committees are based at 

Stellenbosch University, Cape Town, South Africa. 

Cell Culture 

SH-SY5Y cells were cultured in DMEM with high glucose (4.5 g/l) and 4 mM L-Glutamine 

(Lonza). In addition, the media was supplemented with 15% FBS (Gibco) and 1% 

penicillin/streptomycin (Sigma Aldrich). Cells were maintained at 37 °C and 5% CO2 in a 

humidified incubator (ESCO Technologies).  

Plasmids 

NRXN2α Wild-type 

Since human NRXN2α cDNA was not available at the time this study was started, we used wild 

type mouse NRXN2α cDNA (ENSMUST00000236635.2) instead, after checking its alignment 

against the human NRXN2α transcript ENST00000377559.7 (71% identity). The NRXN2α-

ECFP-N1 plasmid was provided by Prof. Ann Marie Craig (University of British Columbia, 

Canada) and was generated as per Kang et al., (2008), using mus musculus transcribed RNA 

AK129239 (NCBI). The pECFP-N1 plasmid without an insert (empty vector) was obtained from 

Prof. Harald Sitte (Medical University of Vienna, Austria). 
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Site-directed Mutagenesis 

In order to generate the p.G849D mutant plasmid (p.G882D in our mouse model (mouse genomic 

position: 540693_chr19 (GRCm39)), site-directed mutagenesis was performed on the wild-type 

NRXN2α-ECFP-N1 plasmid using the Q5 Site-Directed Mutagenesis kit (New England Biolabs) 

as per the manufacturer’s instructions. Briefly, the wild-type plasmid was used as template DNA 

in a PCR reaction with a mutagenic forward primer, containing the single base pair change that 

leads to the generation of the G to D substitution, and back-to-back reverse primer. The primer 

sequences are shown in Table 1. The PCR reaction consisted of an initial denaturation at 98 °C 

for 30 seconds, followed by 25 cycles of 98 °C for 10 seconds, 69 °C for 30 seconds and 72 °C for 

5 minutes, and a final extension at 72 °C for 2 minutes. Following the PCR reaction, the kinase, 

ligase and DpnI enzyme mixture was added to the PCR product and incubated at room temperature 

for five minutes. This mixture is used to efficiently phosphorylate, ligate, and circularize the new 

construct and remove the template construct. After the incubation period, 5 μl of the reaction 

mixture was used for bacterial transformation of the NEB 5-alpha competent E. coli cells. 

Confirmation of mutagenesis was performed using Sanger sequencing of plasmid DNA at 

Stellenbosch University’s Central Analytical Facilities (CAF).  

Table 1 Primer sequences used to generate the novel NRXN2 p.D889 construct. 

Primer Sequence (5’-3’) Tm 

(°C) 

Ta 

(°C) 

Q5 G882D 

Forward 

5’-GTG TTC AAT GAT CAA CCC TAC ATG GAC C-3’ 68  

69  

Q5 G882D 

Reverse 

5’-CAG CCC ACT CAG GTG CCC-3’ 72 

 

Transfection 

SH-SY5Y cells were seeded at optimized densities in specific sterile cell culture plates and 

transfected using Lipofectamine3000 (Invitrogen). In brief, depending on the volume of the culture 

plate, optimized concentrations of plasmid DNA and volumes of Lipofectamine3000 and P3000 

were separately prepared with a pre-determined volume of serum free media. Optimized conditions 

are shown in Table 2. Thereafter, the two volumes were combined, gently mixed, and incubated 

for 10-20 minutes at room temperature. DMEM supplemented with 15% FBS without 

penicillin/streptomycin was then added to each well. The combined transfection reagents were 

then added dropwise to each well and plates incubated at 37°C, 5% CO2. After 24 hours the media 

was removed and replaced with pre-warmed complete media. The transfection efficiency was 
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determined by examining the cells under an Oxion Inverso Fluo E4 fluorescent microscope 

(Euromex) at 100x magnification for the presence of cyan fluorescent protein (CFP).  

Table 2 Transfection of SH-SY5Y cells with Lipofectamine3000 transfection reagent. 

Plate Type Total SFM Lipofectamine3000 P3000 Plasmid DNA 

25 cm3  500 μl 7.5 μl 10 μl 5 μg 

6-well 250 μl 3.75 μl 5 μl 2.5 μg 

96-well 10 μl 0.15 μl 0.2 μl 0.1 μg 

SFM: serum-free media 

NRXN2α Levels 

In order to confirm that transfection of the cells with the plasmids resulted in expression of 

NRXN2α protein, we used immunofluorescent flow cytometry and an anti-NRXN2 antibody.  

Cells were seeded at a density of 500 000 cells per well in a 6-well plate and transfected with the 

wild-type, mutant, or empty vector plasmids. After 24 hours the media was removed, and cells 

were trypsinized and transferred to 1.5 ml Eppendorf tubes. Cell pellets were harvested by 

centrifugation at 438 x g for 10 minutes. The cells were fixed using 3% formaldehyde in PBS for 

15 minutes and permeabilized using 0.25% Triton X-100 in PBS for 15 minutes. Cells were then 

blocked with 0.5% BSA in PBS for 10 minutes and resuspended in 1:100 rabbit anti-NRXN2 

primary antibody (Abcam: ab34245) in PBS. These suspensions were incubated overnight at 4 °C. 

The following morning, the cells were washed in PBS by centrifuging at 2739 x g for 5 minutes 

and resuspended in 1:100 anti-rabbit Cy3 secondary antibody (Jackson ImmunoResearch 

Laboratories: 111-165-003) in PBS. These suspensions were incubated in the dark at room 

temperature for 2 hours. Cells were washed twice in PBS by centrifuging at 2739 x g for 5 minutes 

and resuspended in deionized water for analysis with the Guava® Muse® Cell Analyzer 

(Luminex). Unstained, non-transfected cells and stained, non-transfected cells were used to set the 

gating parameters. Readings were obtained using the Open Module Red option with 5000 events 

recorded for each sample. Median fluorescence values were used for analysis of NRXN2α levels. 

Cellular Health Assays 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Assay 

SH-SY5Y cells were seeded at a density of 10 000 cells per well in a 96-well plate and transfected 

with the three plasmids. After 24 hours, 10 μl of 10 mg/ml MTT in DMSO was added to the wells. 

The plate was incubated in the dark for 4 hours at 37 °C. Thereafter, the solution was aspirated, 

and the Formazan aggregates were dissolved in 50 μl DMSO. The absorbance was measured at 

570 nm using the Synergy HTX microplate reader (BioTek). Analysis was performed using Gen5 
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3.10 software (BioTek). In addition to the test samples, positive control cells treated with 10% 

DMSO were analyzed. 

CyQUANT® NF Cell Proliferation Assay 

To quantify the number of SH-SY5Y cells plated per sample the CyQUANT® NF Cell 

Proliferation Assay (Thermo Fisher Scientific) was used as per the manufacturer’s instructions. 

Briefly, cells were seeded at a density of 10 000 cells per well in a 96-well plate at the same time 

as those seeded for the MTT assay. The cells were transfected with the plasmids and incubated for 

24 hours. The media was removed and 100 μl of dye binding solution was added to all wells. The 

dye binding solution was prepared by adding CyQUANT® NF dye reagent to HBSS at a dilution 

factor of 0.02. The plate was incubated in the dark for 1 hour at 37 °C and fluorescence was 

measured at 485/20Ex, 528/20Em using the Synergy HTX microplate reader (BioTek). Analysis was 

performed using Gen5 3.10 software (BioTek). The resulting values were subtracted from the 

values obtained from the MTT assay in order to normalize the results.   

ApoTox-Glo™ Triplex Assay 

The ApoTox-Glo™ Triplex Assay (Promega) was used to measure cell viability, cytotoxicity, and 

apoptosis in the same well, as per the manufacturer’s instructions. The first part of the assay 

measures cell viability and cytotoxicity simultaneously by looking at the activities of live-cell and 

dead-cell proteases. Briefly, 10 000 cells were seeded per well in a 96-well plate. After a 24-hour 

transfection period, 20 μl of the viability/cytotoxicity reagent was added directly to the cells. Cells 

were then incubated in the dark at 37°C for 90 minutes. Viability was measured at 360/40Ex, 

528/20Em, while cytotoxicity was measured at 485/20Ex, 528/20Em using the Synergy HTX 

microplate reader (BioTek). Afterwards, 100 μl of the Caspase-Glo 3/7 reagent was added to the 

cells and cells were incubated in the dark for 30 minutes at 37 °C. Total luminescence was then 

measured using the Synergy HTX microplate reader to determine caspase-3/7 activity. Analysis 

was performed using Gen5 3.10 software (BioTek). In addition to the test samples, positive control 

cells treated with 10% DMSO were analyzed. 

Mitochondrial Health Assays 

Mitochondrial Membrane Potential 

The MitoProbe™ JC-1 Assay Kit (Life Technologies) was used as per the manufacturer’s 

instructions to determine mitochondrial membrane potential (MMP; ΔΨM).  Briefly, SH-SY5Y 

cells were seeded at a density of 500 000 cells per well in a 6-well plate. Following transfection, 

the media was removed, and PBS was added to the cells. Thereafter, 10 μl of 200 μM JC-1 dye 

was added to the samples. The cells were incubated in the dark at 37 °C for 30 minutes. Cells were 

then trypsinized and pelleted by centrifugation at 1902 x g for 5 minutes. The pellet was 

resuspended in PBS for analysis with the DxFLEX Flow Cytometer (Beckman Coulter) with 

488nm excitation and using the FITC and PE emission filters. Three biological repeats were 
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performed, and 10 000 cells were analyzed per sample. Cells treated with CCCP, a potent 

mitochondrial uncoupler, were used as a positive control in order to perform compensation. 

Unstained, non-transfected cells and stained, non-transfected cells were used to set the gating 

parameters. Analysis was performed by CAF using FlowJo™ 10.8 software. The ratio between 

the median PE fluorescence values and median FITC fluorescence values was then calculated and 

represents the mitochondrial membrane potential (ΔΨM).  

Mitochondrial Network Analysis 

In order to examine the mitochondrial network, cells were stained with MitoTracker® Red-

CMXRos (Invitrogen). Briefly, 10 000 cells were seeded per well in an 8-well chambered slide 

and transfected. MitoTracker® Red-CMXRos was added to the cells at a final concentration of 75 

nM. Confocal images were acquired by CAF using the Zeiss LSM780 confocal microscope with 

ZEN 2012 software. The microscope is equipped with an INU incubation system (Tokai HIT) to 

control the temperature at 37°C and supply of 5% CO2. MitoTracker® Red-CMXRos was excited 

with a 561 nm laser and emission detected with a GaAsP detector in the range 570-695 nm. Image 

stacks were acquired using a Plan Apochromat 63x/1.4 oil objective at a step width of 640 nm. 

Three image stacks were acquired from each well.  

For the 2D analysis, the image stacks were processed using ImageJ software with the FIJI plugin. 

Morphometric measurements were calculated as described by Merrill et al., (2017). The FIJI 

plugin, Mitochondria Analyzer (https://github.com/AhsenChaudhry/Mitochondria-Analyzer), was 

used for quantification of mitochondrial networks in a 3-dimensional space. Parameters of interest 

were chosen on both a per cell and per mitochondria basis to quantify network parameters such as 

number of branches, branch end points and branch junctions.   

ROS-Glo™ H2O2 Assay 

The ROS-Glo™ H2O2 Assay (Promega) was used to measure H2O2 levels as an indicator of 

oxidative stress, as per the manufacturer’s instructions.  Briefly, 10 000 cells were seeded per well 

in a 96-well plate and transfected with the plasmids. After 18 hours of the transfection period, 20 

μl of the H2O2 substrate was added directly to the cells. Cells were then incubated in the dark in a 

humidified incubator for the remainder of the 24-hour transfection period. Thereafter, 100 μl of 

the ROS-Glo detection reagent was added to the cells and cells were incubated in the dark for 20 

minutes at room temperature. Total luminescence was then measured using the Synergy HTX 

microplate reader (BioTek). Analysis was performed using Gen5 3.10 software (BioTek). In 

addition to the test samples, positive control cells treated with 50 μM menadione, a H2O2 inducer, 

were analyzed. Since cell culture media can affect H2O2 production independently of cells, all 

treatments were repeated in media only controls without the addition of cells.  

 

 

Stellenbosch University https://scholar.sun.ac.za

https://github.com/AhsenChaudhry/Mitochondria-Analyzer


92 
 

Statistical Analysis 

A one-way ANOVA followed by a two-tailed student’s t-test with a confidence interval of 95% 

was used as a means of analyzing the data, with p-values of less than 0.05 considered to be 

significant. All statistical analysis was performed using GraphPad Prism® 5.02. 

 

Results 

Confirmation of NRXN2α overexpression 

After site-directed mutagenesis, Sanger sequencing confirmed successful mutagenesis of the 

mutant plasmid DNA (Supplementary Figure S1). The wild-type and mutant plasmids, along 

with the empty vector plasmid (pECFP-N1), were then transfected into SH-SY5Y cells. 

Transfection efficiency, determined by microscopically examining the cells for the presence of 

CFP-positive cells, was 68% for the wild-type construct, 65% for the mutant construct and 67% 

for the empty vector construct (Supplementary Figure S2). Thereafter, overexpression of 

NRXN2α was confirmed using the Guava® Muse® Cell Analyzer (Luminex). Figure 1 shows a 

26% and 21% increase in NRXN2α levels in the wild-type (p = 0.03) and mutant (p = 0.02) 

samples, respectively, with no change in the empty vector (p = 0.70) sample compared to non-

transfected cells. 
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Fig. 1 Overexpression of wild-type and mutant NRXN2α in SH-SY5Y cells increases 

NRXN2α protein levels. Flow cytometric analysis of NRXN2α levels shows an increase in 

NRXN2α levels in both the wild-type (p = 0.03) and mutant (p = 0.02) transfected cells when 

compared to the non-transfected cells. There is no significant change in the empty vector (p = 0.70) 

transfected cells compared to non-transfected cells. n = 3; one-way ANOVA and student’s t-test. 

 

Mutant NRXN2α overexpression decreases cell viability but has no effect on cytotoxicity or 

apoptosis 

After confirming that NRXN2α levels were increased in the wild-type and mutant samples, we 

examined the effect of the variant on cellular health. We used an MTT assay with CyQUANT® 

correction to determine the effect of the plasmids on the metabolic activity of the cells. This 

method is dependent on the mitochondrial activity of nicotinamide adenine dinucleotide phosphate 

(NADPH)-dependent cellular oxidoreductase enzymes that function in reducing the MTT dye. 
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Figure 2A shows that there is an approximate 23% and 38% reduction in the metabolic activity of 

the wild-type (p = 0.04) and mutant (p = 0.01) NRXN2α transfected cells, respectively. There is 

also a significant 15% decrease in the mutant cells compared to the wild-type cells (p = 0.01). 

This finding was confirmed by the ApoTox-Glo™ Triplex Assay (Promega). This kit measures 

three parameters (cell viability, cytotoxicity, and apoptosis) in the same well. Figure 2B shows 

that there is a 15% and 28% reduction in the viability of the wild-type (p < 0.01) and mutant (p < 

0.01) transfected cells, respectively. There is also a significant 13% decrease in the mutant cells 

compared to the wild-type cells (p = 0.03).  

Our study found no difference in terms of the cytotoxicity of the samples (Figure 2C; p = 0.98) or 

apoptosis (specifically caspase 3/7 levels; Figure 2D; p = 0.82). The measurement of cytotoxicity 

using this assay is dependent on changes in the membrane integrity of the cell and this does not 

appear to be affected in our study. The similar caspase 3/7 levels across the samples suggests that 

NRXN2α overexpression does not induce apoptosis, as caspases 3 and 7 are the executor caspases 

in the apoptosis pathway and are responsible for executing the hallmarks of apoptosis, such as 

DNA fragmentation and nuclear morphological changes (Shi 2002). 
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Fig. 2 Overexpression of wild-type and mutant NRXN2α in SH-SY5Y cells decreases 

metabolic activity and cell viability. A) MTT analysis shows a significant reduction of metabolic 

activity in wild-type (p = 0.04) and mutant (p < 0.01 transfected cells compared to non-transfected 

cells. There is also a significant metabolic activity reduction in the mutant cells compared to the 

wild-type cells (p = 0.01). B) Decreased cell viability observed in wild-type (p < 0.01) and mutant 

(p < 0.01) transfected cells compared to non-transfected cells. There is also a significant decrease 

in the mutant cells compared to the wild-type cells (p = 0.03). No significant changes were seen 

in the empty vector transfected cells compared to the non-transfected cells in either assay (p = 

0.34; p = 0.47, respectively) C) No difference in cytotoxicity is observed across the treatment 

groups (p = 0.98). D) No difference in caspase 3/7 levels are observed across the treatment groups 

(p = 0.82). In all analyses, the positive control, 10% DMSO, had a detrimental effect on the cells, 

as expected. n = 3; one-way ANOVA and student’s t-test. 

 

In order to confirm the apoptosis results seen with the ApoTox-Glo™ Triplex Assay, we 

performed western blotting to examine the expression of caspases 8 and 9 (Supplementary Figure 

S3). Caspase 8 is an initiator caspase involved in death receptor-mediated (extrinsic) apoptosis, 

while caspase 9 is an initiator caspase involved in mitochondrial-mediated (intrinsic) apoptosis 

(Cotter and Al-Rubeai 1995). Densitometric analysis of these blots shows no changes in the 

caspase 8 and caspase 9 levels across the samples.  
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Mutant NRXN2α overexpression decreases mitochondrial membrane potential but has no 

effect on mitochondrial fragmentation 

Thereafter, we performed a JC-1 assay to determine the effects of the plasmids on mitochondrial 

membrane potential (MMP; ΔΨM). During cell death, ΔΨM decreases as mitochondrial 

permeability pores open resulting in a loss of electrochemical gradient. Therefore, the ΔΨM can be 

used as a measure of mitochondrial health. Initially, we analyzed the basal polarization levels of 

cells transfected with the plasmids. Figure 3A shows that there is a 32% and 47% decrease in 

mitochondrial polarization in wild-type (p < 0.0001) and mutant (p < 0.0001) transfected cells, 

respectively. There is also a significant 15% decrease in the mutant cells compared to the wild-

type cells (p < 0.0001).  

Thereafter, we looked at ΔΨM in a stressed environment by treating all of the cells with 10 μM 

CCCP, a potent mitochondrial uncoupler (Figure 3B). Treatment with CCCP decreases the 

mitochondrial polarization. However, there is no change between the wild-type and mutant 

samples treated with CCCP compared to the non-transfected sample treated with CCCP (p = 0.29).  
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Fig. 3 Overexpression of wild-type and mutant NRXN2α in SH-SY5Y cells decreases 

mitochondrial membrane potential (MMP). A) Decreased PE/FITC ratios in wild-type (p < 

0.0001) and mutant (p < 0.0001) transfected cells compared to non-transfected cells are indicative 

of a decrease in MMP. There is also a significant PE/FITC decrease in the mutant cells compared 

to the wild-type cells (p < 0.0001). No significant changes were seen in the empty vector 

transfected cells compared to the non-transfected cells (p = 0.52). 10 μM CCCP is used as a 

positive control. B) No change in the PE/FITC ratio is observed between the wild-type and mutant 

samples treated with CCCP compared to the non-transfected sample treated with CCCP (p = 0.29). 

n = 3; one-way ANOVA and student’s t-test. 

 

Since NRXN2α overexpression had a negative effect on MMP, we also wanted to investigate if it 

had an effect on the mitochondrial network. Cells were stained with MitoTracker® Red-CMXRos 

to visualize the mitochondria. Two types of analyses were then performed to investigate the 

mitochondrial network. A 2D analysis was conducted using ImageJ to calculate the aspect ratio 

and form factor of individual mitochondria. Form factor is representative of the degree of 

mitochondrial branching while aspect ratio provides information on mitochondrial elongation. The 

analyses show no significant differences in the fragmentation of the mitochondrial network 

(Supplementary Figure S4 A-B). 3D Morphometric analysis was further conducted to determine 

the level of mitochondrial network connectivity in terms of branching and interacting nodes, to 

account for possible limitations of 2D form factor analysis. However, no significant differences 

were seen using this analysis either (Supplementary Figure S4 C-E).  
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Mutant NRXN2α overexpression induces oxidative stress 

Finally, we investigated if overexpression of NRXN2α could also affect ROS production and 

oxidative stress. Oxidative stress and mitochondrial dysfunction are intrinsically linked, so 

changes in ROS may help to understand the mechanisms by which a synaptic protein can induce 

cell death. The ROS-Glo™ H2O2 Assay (Promega) was used to measure H2O2 levels as an indicator 

of oxidative stress. Notably, an 84% and 235% increase in H2O2 levels in wild-type (p = 0.03) and 

mutant (p < 0.0001) transfected cells, respectively was observed (Figure 4A). There is also a 

significant 151% increase in mutant cells compared to the wild-type cells (p = 0.01).  

Since cell culture media can affect H2O2 production independently of cells, all treatments were 

repeated in media only controls (i.e., no cells present). Figure 4B shows a similar trend whereby 

there is a 35% and 86% increase in H2O2 levels in wild-type (p = 0.04) and mutant (p < 0.001) 

transfected media, respectively. There is also a significant 51% increase in mutant transfected 

media compared to the wild-type transfected media (p = 0.02). When directly comparing the cells 

to the media only controls however, there is a significant increase in H2O2 levels in cells across the 

treatment groups (non-transfected: p < 0.0001; wild-type: p = 0.01; mutant: p < 0.0001; empty 

Vector: p = 0.03) (Figure 4C). This shows that, although there is abiotic ROS production in the 

media (likely due to oxidation of certain components in the media), the addition of cells 

significantly increases H2O2 levels. Furthermore, both the wild-type and mutant NRXN2α are also 

significantly increasing H2O2 levels thereby possibly inducing oxidative stress in the cells.  
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Fig. 4 Overexpression of wild-type and mutant NRXN2α in SH-SY5Y cells induces ROS. A) 

There is a significant increase in H2O2 levels in wild-type (p = 0.03) and mutant (p < 0.0001) 

transfected cells when compared to non-transfected cells. There is also a significant increase in 

mutant cells transfected cells compared to the wild-type transfected cells (p < 0.01). B) There is a 

significant increase in H2O2 levels in wild-type (p = 0.04) and mutant (p < 0.001) transfected media 

compared to non-transfected media. There is also a significant increase in mutant transfected 

media compared to the wild-type transfected media (p = 0.02). No significant changes were seen 

in the empty vector transfected cells compared to the non-transfected cells (p = 0.49), or in the 

empty vector transfected media compared to non-transfected media (p = 0.21). C) Direct 

comparison between the H2O2 levels in media only controls versus cells shows a significant 

increase in H2O2 levels in cells across the treatment groups (non-transfected: p < 0.0001; wild-

type: p = 0.01; mutant: p < 0.0001; empty vector: p = 0.03). In all analyses, the positive control, 

50 μM menadione, induced ROS production, as expected. n = 3; one-way ANOVA and student’s 

t-test. 
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Discussion 

The aim of the present study was to investigate the potential role of wild-type and p.G849D 

NRXN2α on mitochondrial function. To this end, we transfected SH-SY5Y cells with wild-type 

and mutant plasmids and examined their effect on overall cell health, mitochondrial health, and 

ROS generation in order to link a synaptic protein to dysfunctional mitochondria. 

Using both an MTT assay as well as the ApoTox-Glo™ Triplex assay, we observed a decrease in 

cellular metabolic activity and cellular viability, respectively (Figure 2A-B). In both cases, while 

overexpression of wild-type NRXN2α has a negative effect on cell health, overexpression of the 

mutant NRXN2α worsens this effect. Thus, it can be postulated that since NRXN2α is highly 

expressed in the SNpc (Sunkin et al. 2012), the mutant could possibly result in dopaminergic cell 

death. The ApoTox-Glo™ Triplex assay also looks at cytotoxicity and apoptosis. The 

measurement of cytotoxicity using this assay is dependent on changes in the membrane integrity 

of the cell and this does not appear to be affected in our study (Figure 2C). The similar caspase 

3/7 levels across the samples also suggests that NRXN2α overexpression does not induce apoptosis 

(Figure 2D). We thereafter used western blotting to confirm the apoptosis results by measuring 

the levels of caspases 8 and 9 (Supplementary Figure S3). This further suggests that neither the 

overexpressed wild-type nor the overexpressed mutant NRXN2α are inducing apoptosis in SH-

SY5Y cells. However, apoptosis is a dynamic process that is highly dependent on the type of cell 

stressor (Cotter and Al-Rubeai 1995), so it is possible that measurements at different post-

transfection time points or using different assays may show different results. 

ΔΨM can be used as a measure of mitochondrial health as, during cell death, ΔΨM decreases as 

mitochondrial permeability pores open resulting in a loss of electrochemical gradient. Therefore, 

we performed a JC-1 assay to determine the effects of the plasmids on ΔΨM. We observed a 

decrease in mitochondrial polarization using this assay which is indicative of a decreased ΔΨM 

(Figure 3A). It is essential for cells to maintain a high ΔΨM as the import of mitochondrial proteins 

and ATP-generating oxidative phosphorylation is reliant on a high ΔΨM (Zorova et al., 2018). This 

is especially important in highly energy-dependent neurons. In neurons, mitochondria are 

distributed to areas of the axon where metabolic demand is high, such as the active growth cones 

or branches (Morris and Hollenbeck 1993; Ruthel and Hollenbeck 2003), and synapses (Treeck 

and Pirsig 1979; Gotow et al. 1991). It could be speculated that, since NRXN2α is present at the 

synapse (Krueger et al. 2012), mutant NRXN2α could result in synaptic dysfunction as a result of 

mitochondrial dysfunction. The lowered MMP observed across the mitochondria would reduce 

ATP generation, leading to an energy depletion in the synapses and thereby affecting their normal 

functioning (Mattson and Liu 2002). Indeed, the SNpc neurons are likely the most dependent on 

mitochondrial function due to their roles in sensorimotor networks that are necessary for rapid and 

effective actions (Surmeier et al., 2017), and therefore they are particularly vulnerable to 

mitochondrial dysfunction. It is important to note that, while we did observe a decrease in ΔΨM in 

cells transfected with the plasmids, we did not see any difference when cells were also treated with 
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CCCP, a potent mitochondrial uncoupler (Figure 3B). This suggests that although overexpression 

of both wild-type and mutant NRXN2α can decrease ΔΨM, cells with these proteins are not more 

vulnerable to extracellular stressors. 

Since NRXN2α overexpression had a negative effect on MMP, we also wanted to investigate if it 

had an effect on the mitochondrial network. Cells were stained with MitoTracker® Red-CMXRos 

to visualize the mitochondria. However, we saw no differences in both the 2D and 3D analyses of 

mitochondrial network (Supplementary Figure S4) Mitochondria naturally undergo frequent 

morphological changes in response to the energy demands of the cell (Huang et al. 2011). Thus, it 

possible that measurements at different post-transfection time points may show different results. 

However, it is understandable that overexpressing NRXN2α, a synaptic protein, would not 

immediately cause mitochondrial fragmentation. We speculate that, given the changes in MMP 

seen in Figure 3A, it would most likely be an ongoing process whereby over time the decreased 

polarization could ultimately result in mitochondrial fragmentation and death. It is also possible 

that, even though no fragmentation was observed, the rate at which fission and fusion occur has 

been impacted, which could also negatively impact mitochondrial function. 

Since oxidative stress and mitochondrial dysfunction are intrinsically linked, we also wanted to 

investigate ROS generation to help understand the mechanisms by which NRXN2α can induce 

cell death. The ROS-Glo™ H2O2 Assay (Promega) was used to measure H2O2 levels as an indicator 

of oxidative stress. We observed an increase in H2O2 levels, independent of the cell culture media 

used (Figure 4). ROS is normally produced in mitochondria during electron transport chain and 

redox reactions and is necessary for cellular homeostasis. In PD, ROS is dysregulated (Bosco et 

al. 2006; Nakabeppu et al. 2007) resulting in oxidative stress and even cell death (Rego and 

Oliveira 2003). Indeed, the neurons of the SNpc naturally have higher concentrations of oxidative 

proteins when compared to other areas of the brain, such as the basal ganglia (Floor and Wetzel 

1998) and are therefore more vulnerable to ROS dysregulation and oxidative stress.  

Since mutant NRXN2α is able to both decrease mitochondrial polarization and increase H2O2 

levels, we speculate this could initiate a toxic feedback loop whereby either mitochondrial 

dysfunction or ROS dysregulation results in increased resultant oxidative stress which negatively 

effects mitochondrial function. Indeed, studies on the known PD genes; PINK1, PRKN and 

LRRK2, have shown that a single mutation in these genes can disrupt cellular homeostasis, 

resulting in abnormal mitochondria and increased sensitivity to oxidative stress inducing agents 

(Nguyen et al. 2011; Chung et al. 2016). We speculate that the mutant NRXN2α may play a similar 

role and that the p.G849D variant could disrupt cellular homeostasis, leading to a multitude of 

interactions that stress the neurons ultimately leading to neurodegeneration.    

In our previous study, it was shown that the p.G849D variant has a destabilizing effect on the 

NRXN2α protein structure (Sebate et al. 2021). In vitro elucidation of this effect was beyond the 

scope of this study; however, it would be important to examine this further to determine the effect 

of the variant on protein’s structure, stability, and degradation. 
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Study Limitations  

We acknowledge several limitations to this study. A major limitation is that the p.G849D variant 

in NRXN2α is heterozygous in the family, therefore overexpression of mutant NRXN2α cDNA in 

a plasmid is only a model in an attempt to understand the possible functional impact of the variant. 

We also acknowledge the limitations of overexpressing a murine gene in a human cell line to study 

a human disorder. It would, thus, also be important to repeat these experiments using human 

NRXN2α cDNA, which is now commercially available. It should be noted that many alternative 

transcripts are generated from the NRXN2 gene, each with their own expression profile (Missler 

and Südhof 1998) and cell specific expression of these transcripts differs between the mouse brain 

and human brain. The human NRXN2α transcript in which the variant was found, 

ENST00000377559.7, is expressed in the brain and is present in all of the alternative transcripts 

produced for this gene. In this study, we utilized an in vitro model to study the potential effects of 

the identified mutation, however, it must be stressed that these results would need to be validated 

using a mouse model, where one would be able to examine all NRXN2α transcripts that are being 

expressed. Furthermore, transfection of cells is time dependent. While this study was explorative, 

it may also be worthwhile to test different transfection time points in future. The study findings 

could be partly explained by the toxicity of transfection reagents. Although transfection reagents 

have greatly improved over the years, the process is still stressful to the cells (Wang et al. 2018). 

Here, a 24-hour transfection period was chosen to maximize transfection efficiency and avoid the 

toxicity observed at 48-hours. Notably, transfection with the empty vector plasmid did not 

significantly alter any of the cellular responses examined, however, the addition of a large 

sequence into the vector may have an effect.  

 

Conclusion 

In summary, mutant NRXN2α was found to have a negative effect on cellular health (reduced cell 

viability) and mitochondrial health (reduced mitochondrial membrane potential and increased 

oxidative stress). Although the wild-type protein was observed to have a negative effect, the 

mutant NRXN2α has an even worse effect on the SH-SY5Y cells. While there have been very few 

studies on the overexpression of NRXNs to compare to, Kattimani and Veerappa (2018) observed 

that the overexpression of NRXN1 in multiple sclerosis patients caused by mutant MIR8485 

induced neurodegeneration via calcium overload in pre-synapses. This suggests that increased 

expression of wild-type NRXNs could also be toxic. However, further work would be required to 

confirm this.  

Findings from our study implicate a synaptic protein in mitochondrial dysfunction. Both 

mitochondrial dysfunction (Rego and Oliveira 2003; Winklhofer and Haass 2010) and synaptic 

dysfunction (Belluzzi et al. 2012; Picconi et al. 2012; Lepeta et al. 2016; Taoufik et al. 2018) have 

been linked separately and together (Nguyen et al. 2019; Plum et al. 2020) to the etiology of PD. 
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However, to the best of our knowledge, this is the first time a variant in a pre-synaptic cellular 

adhesion protein has been linked to PD. This work further connects these two etiologies but future 

studies in PD cellular models or animal models are necessary to validate these findings. 

Notwithstanding the various limitations, the present study’s findings may lead us one step closer 

to trying to understand the complex pathobiology underlying this disorder. 
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Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S1: Generation of the p.D882 mutant construct. Sequence 

chromatographs showing successful generation of the p.D882 construct (GAT) compared to the 

wild-type p.G882 construct (GGT). 
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Non-transfected SH-SY5Y cells                              Wild-type transfected SH-SY5Y cells 

 

Mutant transfected SH-SY5Y cells                     Empty vector transfected SH-SY5Y cells 

Supplementary Figure S2: Transfection efficiency examined by CFP fluorescence in SH-

SY5Y cells.  
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Supplementary Figure S3: Caspase 8 and 9 levels in wild-type and mutant NRXN2α 

overexpressing SH-SY5Y cells. A) Representative western blots of caspase 8 and 9 levels. 

GAPDH is used as a loading control. B) Densitometric analysis of caspase 8 levels show no 

significant differences across treatment groups (p = 0.99). C) Densitometric analysis of caspase 9 

levels show no significant differences across treatment groups (p = 0.86). n = 3; one-way ANOVA. 

 

 

 

 

Stellenbosch University https://scholar.sun.ac.za



113 

 

 

 

 

Supplementary Figure S4: Mitochondrial network analysis of wild-type and mutant 

NRXN2α overexpressing SH-SY5Y cells. A-B) 2D analysis of the mitochondrial network. No 

significant differences were observed in the aspect ratio (p = 0.51) (A) and form factor (p = 0.46) 

(B) of mitochondria across treatment groups. C-E) 3D analysis of the mitochondrial network. No 

significant differences were observed in the number of branches (p = 0.59) (C), branches per 

mitochondrion (p = 0.61) (D) or number of junctions (p = 0.45) (E) across treatment groups. n ≥ 

9; one-way ANOVA. 
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Supplementary Methods 

 

Plasmid DNA Isolation 

After successful transformation of competent E. coli, colonies were inoculated in a 5 ml starter 

culture of LB media supplemented with 5 μl kanamycin sulfate (50 mg/ml). The starter culture 

was incubated at 37 °C for 8 hours in a shaking incubator set at 200 rpm. Thereafter, 100 μl of the 

starter culture was added to 100 ml of LB media supplemented with 100 μl kanamycin sulfate (50 

mg/ml). This culture was incubated at 37 °C for 16 hours in a shaking incubator set at 200 rpm. 

The culture was then centrifuged at 3 400 x g to pellet the cells. Plasmid DNA was isolated from 

the bacteria using the ZymoPURE II Plasmid MidiPrep Kit (Zymo Research Corp.) as per the 

manufacturer’s centrifugation protocol. Isolated plasmid DNA was stored at -20 °C until required. 

  

Western Blotting 

Western blotting was used to detect total protein levels of caspases 8 and 9 post-transfection. 

GAPDH was used as the loading control. Briefly, cell lysates were prepared using lysis buffer 

(33,3 mM Tris, 100 mM NaCl, 2.25% Triton X-100, 1 mM MgCl2) supplemented with 1% Halt™ 

Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific) , and protein levels were 

quantified using a Bradford assay. Proteins were resolved using 4-20% Mini-PROTEAN TGX 

gels (Bio-Rad) for approximately 1 hour at 120 V in 1X electrophoresis buffer (25mM Tris, 192 

mM glycine and 0.1% SDS). A total of 50 μg protein was resolved. Thereafter, the separated 

proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane using the Trans-Blot® 

Turbo™ (Bio-Rad) at 21 V for 1 minute, 23 V for 4 minutes and 25 V for 1 minute, in 1X Trans-

Stellenbosch University https://scholar.sun.ac.za



115 

 

Blot Turbo Transfer Buffer (Bio-Rad) with 20% ethanol.  Membranes were blocked in 3% BSA 

in TBS for 1 hour. The blots were incubated overnight with the appropriate primary antibody, 

diluted in 3% BSA in TBS, with gentle shaking at 4 °C. Subsequently, the membranes were washed 

in 0.1% Tween-20 in TBS (TBST). The membranes were then incubated with the appropriate 

secondary antibody, diluted in 3% BSA in TBS, for 1 hour in the dark and, thereafter, washed with 

TBST. The primary and secondary antibodies used are listed in Supplementary Table S1. 

Membranes were incubated with Pierce™ ECL Western Blotting Substrate (Thermo Fisher 

Scientific) and imaged using the ChemiDoc™ MP Imaging System (Bio-Rad). Densitometric 

analysis was performed using Image Lab 5.1 software (Bio-Rad).  

Supplementary Table S1: Antibodies used for this study 

Target 

Protein  

Primary Antibody Species 

Reactivity 

Dilution Secondary Antibody Dilution 

Flow Cytometry (Guava® Muse® Cell Analyzer) 

NRXN2α Rabbit anti-

NRXN2 (Abcam: 

ab34245) 

Rat, 

human, 

mouse 

1:100 Anti-rabbit IgG-Cy3 

(Jackson 

ImmunoResearch 

Laboratories: 111-165-

003) 

1:100 

Western Blotting 

Caspase 8 Mouse anti-

Caspase 8 

Human 1:500 Anti-mouse IgG-HRP 

(Santa Cruz 

1:3333 
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(Invitrogen: MA1-

41260) 

Biotechnology: sc-

2005)  

Caspase 9 Mouse anti-

Caspase 9 

(Invitrogen: MA1-

12562) 

Human 1:500 Anti-mouse IgG-HRP 

(Santa Cruz 

Biotechnology: sc-

2005) 

1:3333 

GAPDH Rabbit anti-

GAPDH (Santa 

Cruz 

Biotechnology: sc-

25778) 

Human 1:5000 Anti-rabbit IgG-HRP 

(Cell Signalling: 

7074S) 

1:3333 
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CHAPTER 6 
Proteomics Analysis of the NRXN2 p.G849D Variant 

 

This chapter consists of a submitted brief report that addressed Objective 6 of this study. In this 

chapter, we performed proteomics using an LC-MS/ MS to obtain a better understanding of the 

pathways affected by NRXN2α. We used the wild-type NRXN2α-ECFP-N1 plasmid and our 

generated mutant plasmid and transfected them into SH-SY5Y cells. Total protein was then 

isolated from these cells and prepared for mass spectrometry. Enrichment analysis and pathway 

analysis was performed on the unique proteins and the significantly differentially abundant 

proteins identified.  

 

Submitted Article: Proteomics analysis of the p.G849D variant in neurexin 2 alpha may reveal 

insight into Parkinson’s disease pathobiology 

Authors: Cuttler, K., Fortuin, S., Müller-Nedebock, A.C., Vlok, M., Cloete, R., Bardien, S. 

Target Journal: Frontiers in Aging Neuroscience (Impact Factor: 5.750). Currently under review. 

Supplementary material: This follows directly after the article, in text. However, due to the 

length of the Supplementary Tables S1-S8, these have been included in Appendix II. 
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Abstract 19 

Parkinson’s disease (PD), the fastest growing neurological disorder globally, has a complex etiology. 20 

A previous study by our group identified the p.G849D variant in neurexin 2 (NRXN2), encoding the 21 

synaptic protein, NRXN2α, as a possible causal variant of PD. Therefore, we aimed to perform 22 

functional studies using proteomics in an attempt to understand the biological pathways affected by 23 

the variant.  We hypothesized that this may reveal insight into the pathobiology of PD. Wild-type and 24 

mutant NRXN2α plasmids were transfected into SH-SY5Y cells. Thereafter, total protein was 25 

extracted and prepared for mass spectrometry using a Thermo Scientific Fusion mass spectrometer 26 

equipped with a Nanospray Flex ionization source. The data was then interrogated against the UniProt 27 

H. sapiens database and afterwards, pathway and enrichment analyses were performed using in silico 28 

tools. Overexpression of the wild-type protein led to the enrichment of proteins involved in 29 

neurodegenerative diseases, while overexpression of the mutant protein led to the decline of proteins 30 

involved in ribosomal functioning. Thus, we concluded that the wild-type NRXN2α may be involved 31 

in pathways related to the development of neurodegenerative disorders, and that biological processes 32 

related to the ribosome, transcription and tRNA, specifically at the synapse, could be an important 33 

mechanism in PD. Future studies targeting translation at the synapse in PD could therefore provide 34 

further information on the pathobiology of the disease. 35 
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1 Introduction 36 

Parkinson’s disease (PD) is a neurodegenerative disorder which primarily affects movement. It affects 37 

approximately 1-2% of the population over the age of 65 (Antony et al., 2013). Over the past two and 38 

a half decades, several genetic causes of PD have been identified, implicating various biological 39 

processes including mitochondrial dysfunction, toxic protein accumulation, dysfunctional vesicle 40 

recycling, and synaptic dysfunction in PD development (Panicker et al., 2021).  41 

Recently, we reported the finding of a p.G849D variant in the neurexin 2 gene (NRXN2) in a South 42 

African multiplex PD family (Sebate et al., 2021). The translated protein, NRXN2α, is a synaptic 43 

protein involved in calcium channel regulation, synaptic organization, neuronal cell adhesion, 44 

transmembrane signaling and neuroligin family protein binding (Craig and Kang, 2007). While studies 45 

on NRXN2α in disease are limited, it has been shown that neurexins and their common binding 46 

partners, neuroligins link synaptic dysfunction to cognitive disease (Südhof, 2008). In addition, studies 47 

specifically investigating NRXN2α have implicated the protein in neuronal and synaptic disorders 48 

(Missler et al., 2003; Dachtler et al., 2015). 49 

Here, we aimed to further investigate the effect of this variant on biological pathways by using a 50 

proteomics approach in an SH-SY5Y cellular model of PD, transfected with wild-type and mutant 51 

NRXN2α plasmids. To this end, we examined the total proteome of the different treatment groups in 52 

an attempt to understand the changes in biological pathways. We hypothesized that overexpression of 53 

the wild-type NRXN2α would provide an indication of the pathways related to NRXN2α’s function, 54 

while overexpression of the mutant NRXN2α could give an indication of the method of action by which 55 

it potentially leads to neurodegeneration. Together, these findings may provide a better understanding 56 

of the function of both the wild-type and mutant NRXN2α, and its possible involvement in PD. 57 

 58 

2 Materials and Methods 59 

2.1 Ethical Considerations 60 

Ethical approval was obtained from the Health Research Ethics Committee (Protocol numbers 61 

2002/C059 and S20/01/005 PhD) and the Research Ethics Committee: Biological and Environmental 62 

Safety (Protocol number BEE-2021-13149). Both committees are located at Stellenbosch University, 63 

Cape Town, South Africa. 64 

2.2 Cell Culture 65 

SH-SY5Y cells were cultured in DMEM with high glucose (4.5 g/l) and 4 mM L-Glutamine (Lonza). 66 

In addition, the media was supplemented with 15% FBS (Gibco) and 1% penicillin/streptomycin 67 

(Sigma Aldrich). Cells were maintained at 37 °C and 5% CO2 in a humidified incubator (ESCO 68 

Technologies).  69 

2.3 Plasmids 70 

2.3.1 NRXN2α Wild-type 71 

The NRXN2α-ECFP-N1 plasmid is a kind gift from Prof. Ann Marie Craig (University of British 72 

Columbia, Canada). This plasmid expresses wild type mouse NRXN2α-CFP and was generated as per 73 
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Kang et al (Kang et al., 2008). The pECFP-N1 plasmid without an insert (empty vector) was a kind 74 

gift from Prof. Harald Sitte (Medical University of Vienna, Austria). 75 

2.3.2 Site-directed Mutagenesis 76 

In order to generate the p.G849D mutant plasmid (p.G882D in our mouse model; mouse genomic 77 

position: 540693_chr19 (GRCm39)), site-directed mutagenesis was performed on the wild-type 78 

NRXN2α-ECFP-N1 plasmid using the Q5 Site-Directed Mutagenesis kit (New England Biolabs), as 79 

per the manufacturer’s instructions. More information on the primers used and PCR conditions can be 80 

found in the Supplementary Methods. 81 

2.4 Treatment Groups 82 

A total of four treatment groups were used for the analysis: (1) non-transfected cells (NT), (2) cells 83 

transfected with the wild-type plasmid (WT), (3) cells transfected with the mutant plasmid (MUT) and 84 

(4) cells transfected with the empty vector (EV). All treatments were performed in triplicate. 85 

2.5 Transfection 86 

SH-SY5Y cells were grown in sterile 25 cm3 flasks until 70% confluent and transfected using 87 

Lipofectamine3000 (Invitrogen) as per the manufacturer’s instructions. The transfection efficiency was 88 

determined by examining the cells under an Oxion Inverso Fluo E4 fluorescent microscope (Euromex) 89 

at 100x magnification for the presence of cyan fluorescent protein (CFP). 90 

2.6 NRXN2α Levels 91 

Prior to proteomics analysis, NRXN2α protein levels were determined using immunofluorescent flow 92 

cytometry and measured with the Guava® Muse® Cell Analyzer (Luminex) to confirm overexpression 93 

of NRXN2α. Please see Supplementary Methods for more details. 94 

2.7 Proteomics Analysis 95 

2.7.1 Protein Extraction and Clean-up  96 

Cells were detached using Trypsin-EDTA and centrifuged at 2739 x g for 5 minutes to collect cell 97 

pellets. Cell pellets were stored at -80 °C until required.  The pellets were then thawed in 100 mM Tris 98 

buffer pH 8 containing 0.5% sodium dodecyl sulfate (SDS, Sigma), 100 mM NaCl (Sigma), 5 mM 99 

triscarboxyethyl phosphine (TCEP, Sigma), protease inhibitor cocktail (Thermo Fisher) and 2 mM 100 

EDTA (Thermo Fisher). Once thawed, the pellets were submerged in an ice-cold sonic bath for 30 101 

seconds prior to vortexing for 30 seconds. This cycle was repeated three times and the pellets were 102 

completely dissolved. Extraction reagents were then removed using a chloroform-methanol-water 103 

liquid-liquid extraction method. More information on the protein extraction, on-bead digest and liquid 104 

chromatography performed in preparation for mass spectrometry, can be found in the Supplementary 105 

Methods. 106 

2.7.2 Mass Spectrometry 107 

Mass spectrometry was performed by Stellenbosch University’s Central Analytical Facilities (CAF) 108 

using a Thermo Scientific Fusion mass spectrometer equipped with a Nanospray Flex ionization 109 

source. The sample was introduced through a stainless-steel emitter. Data was collected in positive 110 

mode with spray voltage set to 1.8 kV and ion transfer capillary set to 280 °C. Spectra were internally 111 

calibrated using polysiloxane ions at m/z = 445.12003 and 371.10024. MS1 scans were performed 112 
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using the orbitrap detector set at 120 000 resolution over the scan range 350-1650 with automatic gain 113 

control (AGC) target at 3 E5 and maximum injection time of 40 milliseconds. Data was acquired in 114 

profile mode. 115 

MS2 acquisitions were performed using monoisotopic precursor selection for ion with charges +2 - +7 116 

with error tolerance set to +/- 10 ppm. Precursor ions were excluded from fragmentation once for a 117 

period of 60 seconds. Precursor ions were selected for fragmentation in higher-energy C-trap 118 

dissociation (HCD) mode using the quadrupole mass analyzer with HCD energy set to 32.5%. 119 

Fragment ions were detected in the orbitrap mass analyzer set to 30 000 resolution. The AGC target 120 

was set to 5E4 and the maximum injection time to 80 milliseconds. The data was acquired in centroid 121 

mode. 122 

2.7.3 Data Analysis 123 

The raw files generated by the mass spectrometer were imported into Proteome Discoverer v1.4 124 

(Thermo Fisher) and processed using the SequestHT algorithm. Database interrogation was performed 125 

against the UniProt H. Sapiens database concatenated with the cRAP contaminant protein database 126 

(https://www.thegpm.org/crap). Semi-tryptic cleavage with 2 missed cleavages was allowed for. 127 

Precursor mass tolerance was set to 10 ppm and fragment mass tolerance set to 0.02 Da. Demamidation 128 

(NQ) and oxidation (M) was allowed as dynamic modifications and thiomethyl of C as static 129 

modification. Peptide validation was performed using the Target-Decoy PSM validator node. The 130 

results files were imported into Scaffold 1.4.4 (Searle, 2010) and identified peptides validated with 131 

X!Tandem and the Peptide and Protein Prophet algorithms included in Scaffold. Quantitation was 132 

performed by Scaffold after a one-way ANOVA and student’s t-test was performed. 133 

2.8 Pathway Analysis and Enrichment Analysis  134 

First, the data for the separate treatment groups were combined into a Venn diagram using Venny 2.1 135 

(https://bioinfogp.cnb.csic.es/tools/venny) (Oliveros, 2015) to identify proteins unique to each 136 

treatment group. Thereafter, in order to identify differentially abundant proteins, the data was compared 137 

as follows: empty vector transfected cells vs non-transfected cells (EV vs NT); wild-type transfected 138 

cells vs non-transfected cells (WT vs NT), mutant transfected cells vs non-transfected cells (MUT vs 139 

NT), and mutant transfected cells vs wild-type transfected cells (MUT vs WT). Functional information 140 

for unique and differentially abundant proteins was obtained from UniProt (https://www.uniprot.org) 141 

(The UniProt Consortium, 2021). Pathway analysis was conducted using the KEGG 142 

(https://www.kegg.jp) (Kanehisa et al., 2021) and STRING (https://string-db.org) (Szklarczyk et al., 143 

2019) databases. Each protein set was then uploaded to WebGestalt (http://www.webgestalt.org) (Liao 144 

et al., 2019) for enrichment analysis as per the default parameters. 145 

 146 

3 Results 147 

3.1 Overexpression of NRXN2α  148 

Transfection efficiency, determined by evaluating CFP microscopically, was 68% for the wild-type 149 

construct, 65% for the mutant construct, and 67% for the empty vector construct. In addition, 150 

overexpression of NRXN2α was confirmed using the Guava® Muse® Cell Analyzer (Luminex). There 151 

was a 26% and 21% increase in NRXN2α levels in the wild-type and mutant samples, respectively, 152 
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with no change in the empty vector sample when compared to non-transfected cells (Supplementary 153 

Figure S1). 154 

3.2 Total Proteins Identified 155 

Quantitation and regression analysis performed in Scaffold, showed that most data points clustered 156 

within one standard deviation from the mean and that all the sample sets showed the same grouping 157 

(Supplementary Figure S2), indicating a successful experiment. The total number of proteins detected 158 

were 2667, 2630, 2691, and 2646 for the non-transfected cells (NT), wild-type transfected cells (WT), 159 

mutant transfected cells (MUT), and empty vector transfected cells (EV), respectively. Since all 160 

treatments were performed in triplicate, a protein had to be present in a minimum of 2 replicates in 161 

order to be considered an identified protein.  162 

3.3 Unique Proteins in Each Group 163 

The Venn diagram in Supplementary Figure S3 shows that 1822 proteins were shared by all four 164 

treatment groups. NT cells had 31 unique proteins, while WT, MUT and EV cells had 22, 44 and 28 165 

unique proteins, respectively. Functional information for all of these proteins can be found in 166 

Supplementary Tables S1-S4. Each protein set was then uploaded to STRING (https://string-db.org) 167 

(Szklarczyk et al., 2019) for pathway analysis. 168 

Enrichment terms obtained from STRING for the unique proteins in each treatment group are shown 169 

in Table 1. There were no enriched terms for the EV cells, so they were excluded from the table. The 170 

NT cells showed enrichment terms for “compound binding”. “Acetylation” was the only term enriched 171 

for in the WT cells. STRING analysis of the proteins involved in acetylation shows that they are not 172 

predicted to interact with each other and do not form part of the same networks. Therefore, enrichment 173 

of “acetylation” in these cells is likely to be a chance finding showing that the cells are undergoing 174 

modification upon transfection with the WT plasmid. However, since acetylation of proteins is also 175 

potentially implicated in neurodegenerative disorders, such as PD (Yakhine-Diop et al., 2019), it could 176 

also be an important mechanism of action for the WT NRXN2α. “Metabolic processes” were enriched 177 

in the MUT cells, which is also possibly a result of introducing the MUT NRXN2α into the cells. 178 

Interestingly, terms related to RNA processes were also enriched in the MUT cells. These cells contain 179 

several unique proteins which are involved in RNA metabolism and processing, thus showing that there 180 

may be changes in transcription in these cells. Therefore, it is possible that the MUT protein is 181 

somehow disrupting RNA processing. 182 

 183 

 184 

 185 

 186 

 187 

 188 

 189 
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Table 1: Enrichment terms obtained from the STRING online tool for the unique proteins in 190 

each treatment group 191 

NT (no. of proteins) WT (no. of proteins) MUT (no. of proteins) 

Heterocyclic compound 

binding (24) 

Acetylation (12) Cellular metabolic process 

(31) 

Organic compound binding 

(24) 

 Macromolecule metabolic 

process (28) 

  RNA processing (12) 

  Metabolism of RNA (9) 

STRING: https://string-db.org (Szklarczyk et al., 2019). Abbreviations: NT: non-transfected cells; 192 

MUT: mutant transfected cells; WT: wild-type transfected cells 193 

3.4 Differentially Abundant Proteins Between Groups 194 

For downstream analyses, all proteins identified in the EV cells were then compared to those in the NT 195 

cells as a control since we speculate that the vector backbone should not cause significant changes to 196 

the cellular proteome. The proteins in the WT cells and MUT cells were then each compared to the NT 197 

to better understand their individual contributions to the proteome. Finally, the main analysis involved 198 

comparison of the MUT cells to the WT cells in an attempt to understand the effect of the p.G849D 199 

variant. Table 2 shows the number of differentially abundant proteins found for each comparison 200 

group, divided into those that are less abundant and those that are more abundant. Volcano plots 201 

representing the differentially abundant proteins in each analysis are shown in Figure 1. Functional 202 

information for all of these proteins can be found in Supplementary Tables S5-S8.  203 

Table 2: The number of differentially abundant proteins found for each comparison 204 

Treatment 

Comparison 

Total Differentially 

Abundant Proteins (No.) 

More Abundant 

Proteins (No.) 

Less Abundant 

Proteins (No.) 

EV vs NT 28 8 20 

WT vs NT 52 11 41 

MUT vs NT 61 31 30 

MUT vs WT 37 16 21 

Abbreviations: EV: empty vector transfected cells; NT: non-transfected cells; MUT: mutant 205 

transfected cells; WT: wild-type transfected cells 206 
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 207 

Figure 1: Differentially abundant proteins present when comparing several treatment groups to 208 

each other. Volcano plots showing differentially abundant proteins when comparing EV vs NT (a), 209 

WT vs NT (b), MUT vs NT (c), and MUT vs WT (d). The grey line indicates the significance threshold. 210 

Significant proteins (p ≤ 0.05, students t-test) are colored purple. Where possible, individual proteins 211 

have been labelled. Proteins found within the red funnel may become statistically insignificant with 212 

increased sample sizes. Graphs generated with GraphPad Prism® 5.02. Abbreviations: EV: empty 213 

vector transfected cells; NT: non-transfected cells; MUT: mutant transfected cells; WT: wild-type 214 

transfected cells. 215 

Each protein set was uploaded to both KEGG (https://www.kegg.jp) (Kanehisa et al., 2021) and 216 

STRING (https://string-db.org) (Szklarczyk et al., 2019) for pathway analysis. KEGG examines which 217 

pathways the proteins in each set are involved in, whereas STRING identifies the pathways that both 218 

the proteins and their immediate interactors are involved in. 219 

Enrichment terms from each tool were combined and are shown in Table 3. “Metabolic pathways” are 220 

enriched across all analyses, suggesting that any treatment could have an effect on the general cellular 221 

metabolic pathways. In the EV vs NT analysis, “Alzheimer disease”, “Huntington disease” and 222 

“Parkinson disease” were enriched. However, the same three proteins (QCR8, ATPD and SNCA) were 223 

present in each group, showing that this may be a chance finding. “Alzheimer disease”, “Amyotrophic 224 

lateral sclerosis”, “Huntington disease”, “prion disease” and “Parkinson disease” were enriched in both 225 

the WT vs NT and MUT vs NT analyses. When examining the MUT vs WT, the only enrichment term 226 

related to neurodegenerative disorders was “Huntington disease”. However, “ribosome”, 227 
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“spliceosome”, “mRNA surveillance pathway” and “nucleocytoplasmic transport” were also enriched 228 

in the MUT vs WT analysis. This may hint towards a mode of action of the mutant protein whereby 229 

protein translation and transport are affected by its overexpression. 230 

In the MUT vs WT analysis, the only enrichment term related to neurodegenerative disorders was 231 

“Huntington disease”. The three proteins involved in this pathway were AP2A1, RPB2, and SDHB. 232 

STRING analysis shows that these proteins are not predicted to interact with each other and do not 233 

form part of the same networks. Therefore, this enrichment is more likely to be a random result of 234 

introducing cDNA to the cells. However, “ribosome”, “spliceosome”, “mRNA surveillance pathway” 235 

and “nucleocytoplasmic transport” were also enriched in this analysis. RPL8, RPS6, RPS21 and RPS25 236 

are shown to be part of the “ribosome”. XPO2, PHAX and PNN are involved in “nucleocytoplasmic 237 

transport”. FUS, PNN and PP1B are involved in the “mRNA surveillance pathway”. FUS, RBMX and 238 

PRP4 are involved in the “spliceosome”. RPL8, RPS6, RPS21 and RPS25 are all ribosomal subunits, 239 

involved in ribosomal and mRNA pathways.  240 

STRING analysis shows that PHAX, XPO2, FUS, RBMX, and PNN potentially interact in sequence. 241 

PHAX is a phosphoprotein adaptor involved in RNA export and CSE1L plays a role in protein 242 

import/export within the nucleus. FUS and RBMX are both RNA binding proteins. FUS plays a role 243 

in processes such as transcription regulation, RNA splicing, RNA transport, DNA repair and damage 244 

responses, while RBMX plays several roles in the regulation of pre- and post-transcriptional processes. 245 

PNN is a transcriptional activator for the E-cadherin promoter gene, but it is also involved in RNA 246 

binding and mRNA splicing via the spliceosome. PRP4 is a U4/U6 small nuclear ribonucleoprotein 247 

which participates in pre-mRNA splicing. PP1B is a serine/threonine-protein phosphatase. Protein 248 

phosphatases are essential for cell division, and PP1B participates in the regulation of glycogen 249 

metabolism, muscle contractility and protein synthesis. It has also been shown to be involved in the 250 

mRNA surveillance pathway. Taken together, the pathways of these proteins all relate back to the 251 

regulation of transcription, strongly suggesting that this process is being affected in the MUT cells. 252 

Table 3: Enrichment terms obtained from the KEGG and STRING online tools for each 253 

protein set 254 

EV vs NT             

(no. of proteins) 

WT vs NT             

(no. of proteins) 

MUT vs NT         

(no. of proteins) 

MUT vs WT         

(no. of proteins) 

Metabolic pathways 

(7) 

Metabolic pathways 

(15) 

Metabolic pathways 

(12) 

 

Metabolic pathways 

(5) 

Alzheimer disease (4) Alzheimer disease (7) Ribosome (8) 

 

Coronavirus disease – 

COVID-19 (4) 

Pathways of 

neurodegeneration – 

multiple diseases (3) 

Amyotrophic lateral 

sclerosis (7) 

Amyotrophic lateral 

sclerosis (5) 

Ribosome (4) 
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Huntington disease 

(3) 

Huntington disease 

(7) 

Alzheimer disease (5) Alcoholism (3) 

Oxidative 

phosphorylation (3) 

Parkinson disease (6) Biosynthesis of 

amino acids (5) 

Diabetic 

cardiomyopathy (3) 

Parkinson disease (3) Prion disease (6) Carbon metabolism 

(5)  

Huntington disease 

(3) 

 Alanine, aspartate 

and glutamate 

metabolism (4) 

Pathways of 

neurodegeneration – 

multiple diseases (5) 

mRNA Surveillance 

Pathway (3) 

 Aminoacyl-tRNA 

biosynthesis (3) 

Salmonella infection 

(5) 

Nucleocytoplasmic 

transport (3) 

 Cysteine and 

methionine 

metabolism (3) 

Diabetic 

cardiomyopathy (4) 

Spliceosome (3) 

 Carbon metabolism 

(3) 

DNA replication (4)  

  Huntington disease 

(4) 

 

  Parkinson disease (4)  

  Prion disease (4)  

KEGG: https://www.kegg.jp (Kanehisa et al., 2021), STRING: https://string-db.org (Szklarczyk et 255 

al., 2019). Abbreviations: EV: empty vector transfected cells; NT: non-transfected cells, MUT: 256 

mutant transfected cells; WT: wild-type transfected cells 257 

3.5 Enrichment Analysis 258 

WebGestalt facilitates the uploading of a gene or protein set and the corresponding fold changes and 259 

then provides enriched Gene Ontology (GO) terms. The graphical results of this analysis are shown in 260 

Supplementary Figure S4. “Negative enrichment” scores refer to GO terms that are downregulated 261 

or suppressed, while “positive enrichment” scores refer to GO terms that are upregulated or promoted. 262 

No specific enrichment was observed for the EV vs NT analysis, suggesting that transfecting the cells 263 

with the empty vector had a minimal effect. 264 

In the WT vs NT analysis, the highest positive enrichment was for “aminoacyl-tRNA biosynthesis”. 265 

Interestingly, “oxidative phosphorylation”, “Alzheimer disease” and “Parkinson disease” also showed 266 
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positive enrichment scores. The mitochondrial proteins QCR1, QCR2 and SDHB were the ones 267 

enriched in all these pathways, again showing that the mitochondrial dysfunction may be affected in 268 

the WT cells. 269 

In the MUT vs NT analysis, “metabolic pathways” was positively enriched with the increased 270 

abundance of NADC, a protein involved in the catabolism of quinolinic acid. In the MUT vs WT 271 

analysis “Huntington disease” and “metabolic pathways” were negatively enriched and had false 272 

discovery rates (FDRs) lower than 0.05. RPB2, SPSY, SDHB, PGM1, PUR9, and ODPB were 273 

negatively enriched for “metabolic pathways”. All these proteins, except RPB2, are involved in 274 

carboxylic acid metabolism. AP2A1 and RPB2 were negatively enriched in “Huntington disease”. 275 

AP2A1 is part of the adaptor protein complex 2 which functions in protein transport via transport 276 

vesicles. It is also involved in endolysosomal trafficking and is thus implicated in several 277 

neurodegenerative disorders (Müller, 2014; Heaton et al., 2020; Srinivasan et al., 2022). RPB2 is a 278 

subunit of DNA-dependent RNA polymerase II, and therefore its main function is in RNA 279 

transcription.  280 

Findings from our study suggest that transfecting cells with the plasmids is having an effect on 281 

ribosomal processes. Therefore, enrichment scores for the GO term “ribosome” across each analysis 282 

have been summarized in Supplementary Figure S5. In the WT vs NT analysis, only this GO term 283 

had an FDR ≤ 0.05, showing that it highly likely that it has been negatively enriched in this protein set. 284 

In the MUT vs NT analysis, “ribosome” was again negatively enriched and had an FDR ≤ 0.05. 285 

However, in the MUT vs WT analysis, “ribosome” was positively enriched, but its FDR was above 286 

0.05. Still, dysregulated ribosomal functioning seems to be common amongst the analyses and may be 287 

an important biological process related to the NRXN2α protein. 288 

 289 

4 Discussion 290 

This exploratory analysis has revealed that wild-type NRXN2α may play a role in pathways related to 291 

neurodegenerative disorders. Since the transfection efficiency and NRXN2α levels between the WT 292 

and MUT were similar, we can be relatively confident that the proteomics analysis showed differences 293 

caused by the overexpressed proteins and not by other technical differences between the two groups. 294 

In addition, while overexpression of the empty vector plasmid did show similar enrichment terms to 295 

the other analyses (Table 2), when performing enrichment analysis for the EV transfected cells vs NT 296 

cells, it can be seen that none of these terms were significantly enriched (Supplementary Figure S4A). 297 

Therefore, we postulate that the EV only had a minimal effect on the cells and the majority of changes 298 

in the other analyses are in fact due to the NRXN2α cDNA insert (WT or MUT).    299 

Overexpression of the WT protein in SH-SY5Y cells led to the enrichment of proteins involved in 300 

neurodegenerative diseases, such as Alzheimer’s disease, Amyotrophic lateral sclerosis, and 301 

Parkinson’s disease. In particular, the enriched proteins were involved in mitochondrial and lysosomal 302 

functioning, which are known to be dysregulated in PD and other neurodegenerative disorders (Rego 303 

and Oliveira, 2003; Wang et al., 2018). Thus, the wild-type protein may be involved in pathways 304 

related to the development of neurodegenerative disorders, such as PD. This provides further evidence 305 

potentially implicating synaptic proteins in the pathobiology of PD. Overexpression of the MUT 306 

NRXN2α-CFP protein showed similar results. Proteins unique to the MUT cells were enriched for 307 

terms related to “ribosome”. In addition, when directly comparing the WT transfected cells with the 308 

MUT transfected cells, terms related to “ribosome” were enriched. This may thus hint at a mode of 309 
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action for the p.G849D mutant protein. Since the main function of the ribosome is translation of mRNA 310 

into protein, dysregulated translation could be implicated as a biological process involved in 311 

neurodegeneration. Furthermore, both cytoplasmic and mitochondrial ribosomal proteins were 312 

enriched. Indeed, it has been shown that if synaptic translation is dysregulated, mitochondrial 313 

physiology can be altered (Kuzniewska et al., 2020). In addition, EIF4G1, another protein implicated 314 

in PD, is known to be involved in protein translation processes (Chartier-Harlin et al., 2011). 315 

Furthermore, the DJ-1 and SYNJ1 proteins implicated in PD (Bonifati et al., 2003; Krebs et al., 2013) 316 

also have RNA binding functions. DJ-1 acts to protect cells from oxidative stress and cell death by 317 

acting as an oxidative stress sensor and redox-sensitive chaperone and protease, while SYNJ1 is a 318 

phosphatase involved in synaptic vesicle endocytosis and neurotransmitter transport. A few studies 319 

have additionally identified mitochondrial ribosomal proteins in PD. Gaare et al., (2018) identified 320 

MRPL4, which encodes a component of the large mitochondrial ribosome subunit, in an analysis of 321 

two PD cohorts, while Billingsley et al., (2019) identified MRPL43 and MRPS34, encoding 322 

components of the large and small mitochondrial ribosome subunits, using data from a PD genome-323 

wide association study (GWAS). Both these studies thus link mtDNA translation to PD risk. 324 

Dysregulated mRNA translation can therefore be considered to play a role in PD pathogenesis (Martin, 325 

2016). In addition, a recent RNA-sequencing analysis showed that there was differential expression of 326 

ribosomal-related pathways in their PD cohort (Hemmings et al., 2022). Therefore, it is plausible that 327 

synaptic translation could also be important in PD pathogenesis. Here, changes in translation could 328 

affect oxidative stress and the transport of neurotransmitters, thereby causing cells to be more 329 

susceptible to cell damage and death. Thus, biological processes related to the ribosome, translation 330 

and tRNA, specifically at the synapse, could possibly be an important mechanism in PD pathobiology.  331 

The strength of this study is that we examined the effect of overexpression of both the wild-type and 332 

mutant protein using a hypothesis-free approach. In this way we were able to show that potential mode 333 

of action of the mutant protein but were also able to conclude that the wild-type protein is also involved 334 

in pathways related to neurodegeneration. Therefore, it is possible that any dysregulation of NRXN2α 335 

could potentially lead to neurodegeneration. 336 

However, we also acknowledge several limitations, including the use of a commercial cell line for this 337 

study. While SH-SY5Y cells are a good in vitro model for PD as they display a catecholaminergic 338 

phenotype, producing both dopamine and noradrenaline (Xicoy et al., 2017), there are always 339 

limitations when using cell lines to study a complex human disorder. Unfortunately, we were not able 340 

to obtain dermal fibroblast samples from the individuals harbouring the NRXN2 variant as an ex-vivo 341 

model for this study. We also acknowledge the limitations of overexpressing a murine gene in a human 342 

cell line. Therefore, in future it would be important to repeat these experiments in fibroblasts from the 343 

patients or in animal models. Another limitation is the use of shotgun proteomics. Since this study is 344 

explorative, we investigated the total proteome to determine which biological pathways were being 345 

affected. However, it may be important to do more targeted proteomics work in future, such as looking 346 

into post-translational modifications as well as investigating phospho-proteomics to determine 347 

signalling changes. Indeed, several kinases and phosphatases were observed in the different analyses, 348 

therefore phospho-proteomics would be required to better understand the effect of these protein 349 

changes. 350 

In conclusion, findings from this exploratory study possibly implicate the NRXN2α protein in 351 

neurodegenerative processes and show that synaptic ribosomal and translation processes may be 352 

important in PD and/ or other neurodegenerative disorders. However, further validation of NRXN2α 353 

and the proteins implicated in synaptic ribosomal and translation processes in other models of PD or 354 

neurodegenerative disorders would be required to prove or disprove this hypothesis. 355 
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Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S1: Overexpression of wild-type and mutant NRXN2α in SH-SY5Y 

cells increases NRXN2α protein levels. Flow cytometric analysis of NRXN2α levels shows an 

increase in NRXN2α levels in both the wild-type (p = 0.03) and mutant (p = 0.02) transfected cells 

when compared to the non-transfected cells. There is no significant change in the empty vector (p 

= 0.70) transfected cells compared to non-transfected cells. n = 3; one-way ANOVA and student’s 

t-test. 
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Supplementary Figure S2: Scatterplot of the standard deviation (log10) vs mean (log10) shows 

good clustering of all samples along the linear regression line. Graph generated by Scaffold 

1.4.4. Abbreviations: EV: empty vector transfected cells, MUT: mutant transfected cells; NT: non-

transfected cells; WT: wild-type transfected cells 

 

 

 

 

 

 

 

 

Supplementary Figure S3: Venn diagram of the total proteins identified in each treatment 

group shows the distribution of shared proteins and numbers of proteins unique to each 

group. Abbreviations: EV: empty vector transfected cells; NT: non-transfected cells; MUT: 

mutant transfected cells; WT: wild-type transfected cells. Diagram generated with Venny 2.1 

(https://bioinfogp.cnb.csic.es/tools/venny) (Oliveros, 2015) 
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Supplementary Figure S4: Gene set enrichment analysis performed using WebGestalt 

(http://www.webgestalt.org).  EV vs NT (a), WT vs NT (b), MUT vs NT (c), and MUT vs WT 

(d). Gene Ontology terms in orange are negatively enriched, while those in blue are positively 

enriched. Abbreviations: EV: empty vector transfected cells; FDR: false discovery rate; MUT: 

mutant transfected cells; NT: non-transfected cells; WT: wild-type transfected cells. WebGestalt: 

(Liao et al., 2019) 

Supplementary Figure S5: Normalized expression scores obtained from WebGestalt 

(http://www.webgestalt.org) for the GO term “ribosome” in each analysis. Abbreviations: EV: 

empty vector transfected cells; NT: non-transfected cells; MUT: mutant transfected cells; WT: 

wild-type transfected cells. WebGestalt (Liao et al., 2019) 
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Supplementary Methods 

 

Plasmids 

Site-directed Mutagenesis 

In order to generate the p.G849D mutant plasmid (p.G882D in our mouse model (mouse genomic 

position: 540693_chr19 (GRCm39)), site-directed mutagenesis was performed on the wild-type 

NRXN2α-ECFP-N1 plasmid using the Q5 Site-Directed Mutagenesis kit (New England Biolabs) 

as per the manufacturer’s instructions. Briefly, the wild-type plasmid was used as template DNA 

in a PCR reaction with a mutagenic forward primer, containing the single base pair change that 

leads to the generation of the G to D substitution, and back-to-back reverse primer. The primer 

sequences are as follows: Q5 G882D Forward: 5’-GTG TTC AAT GAT CAA CCC TAC ATG GAC 

C-3’; Q5 G882D Reverse: 5’-CAG CCC ACT CAG GTG CCC-3’. The PCR reaction consisted of 

an initial denaturation at 98 °C for 30 seconds, followed by 25 cycles of 98 °C for 10 seconds, 69 

°C for 30 seconds and 72 °C for 5 minutes, and a final extension at 72 °C for 2 minutes. Following 

the PCR reaction, the kinase, ligase and DpnI enzyme mixture was added to the PCR product and 

incubated at room temperature for five minutes. This mixture is used to efficiently phosphorylate, 

ligate, and circularize the new construct and remove the template construct. After the incubation 

period, 5 μl of the reaction mixture was used for bacterial transformation of the NEB 5-alpha 

competent E. coli cells. Confirmation of mutagenesis was performed using Sanger sequencing of 

plasmid DNA at Stellenbosch University’s Central Analytical Facilities (CAF).  

 

Plasmid DNA Isolation 

After successful transformation of competent E. coli, colonies were inoculated in a 5 ml starter 

culture of LB media supplemented with 5 μl kanamycin sulfate (50 mg/ml). The starter culture 

was incubated at 37 °C for 8 hours in a shaking incubator set at 200 rpm. Thereafter, 100 μl of the 

starter culture was added to 100 ml of LB media supplemented with 100 μl kanamycin sulfate (50 

mg/ml). This culture was incubated at 37 °C for 16 hours in a shaking incubator set at 200 rpm. 

The culture was then centrifuged at 3 400 x g to pellet the cells. Plasmid DNA was isolated from 
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the bacteria using the ZymoPURE II Plasmid MidiPrep Kit (Zymo Research Corp.) as per the 

manufacturer’s centrifugation protocol. Isolated plasmid DNA was stored at -20 °C until required. 

 

Transfection 

SH-SY5Y cells were grown in sterile 25 cm3 flasks until 70% confluent and transfected using 

Lipofectamine3000 (Invitrogen) as per the manufacturer’s instructions Briefly, 5 μg plasmid DNA 

was added to 10 μl P3000 in 250 μl serum free media (SFM). 7.5 μl Lipofectamine3000 was 

prepared separately in 250 μl SFM. Thereafter, the two volumes were combined, gently mixed, 

and incubated for 10-20 minutes at room temperature. DMEM supplemented with 15% FBS 

without penicillin/streptomycin was then added to each well. The combined transfection reagents 

were then added dropwise to each flask and the flasks were incubated at 37 °C, 5% CO2. After 24 

hours, the media was removed and replaced with pre-warmed complete media. 

 

NRXN2α Levels 

Prior to proteomics analysis, NRXN2α protein levels were determined using immunofluorescent 

flow cytometry to confirm overexpression of NRXN2α. Briefly, cells were seeded at a density of 

500 000 cells per well in a 6-well plate and transfected with the wild-type, mutant, or empty vector 

plasmids. After 24 hours the media was removed, and cells were trypsinized and transferred to 1.5 

ml Eppendorf tubes. Cell pellets were harvested by centrifugation at 438 x g for 10 minutes. The 

cells were fixed using 3% formaldehyde in PBS for 15 minutes and permeabilized using 0.25% 

Triton X-100 in PBS for 15 minutes. Cells were then blocked with 0.5% BSA in PBS for 10 

minutes and resuspended in 1:100 rabbit anti-NRXN2 primary antibody (Abcam: ab34245) in 

PBS. These suspensions were incubated overnight at 4 °C. The following morning, the cells were 

washed in PBS by centrifuging at 2739 x g for 5 minutes and resuspended in 1:100 anti-rabbit Cy3 

secondary antibody (Jackson ImmunoResearch Laboratories: 111-165-003) in PBS. These 

suspensions were incubated in the dark at room temperature for 2 hours. Cells were washed twice 

in PBS by centrifuging at 2739 x g for 5 minutes and resuspended in deionized water for analysis 

with the Guava® Muse® Cell Analyzer (Luminex). Unstained, non-transfected cells and stained, 

non-transfected cells were used to set the gating parameters. Readings were obtained using the 
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Open Module Red option with 5000 events recorded for each sample. Median fluorescence values 

were used for analysis of NRXN2α levels. 

 

Proteomics Analysis 

 Sample Cleanup 

Extraction reagents were removed using a chloroform-methanol-water liquid-liquid extraction 

method. The samples (100 μl) were mixed with 400 μl methanol and thoroughly mixed before the 

addition of 100 μl chloroform. Again, the samples were thoroughly mixed before the addition of 

400 μl type I water. After mixing the samples were centrifuged for 3 minutes at 13 000 x g to 

induce phase separation. The top phase was removed and 400 μl methanol was added and the 

sample mixed again. The samples were centrifuged  again for 3 minutes at 13 000 x g to pellet the 

protein wafer that formed during the phase partition. 

For the on bead digest, samples were re-suspended in 50 mM NH4HCO3 before reduction with 5 

mM triscarboxyethyl phosphine (TCEP; Fluka) in 100 mM NH4HCO3 for 1 hour at room 

temperature with agitation. Cysteine residues were thiomethylated with 20 mM S-Methyl 

methanethiosulfonate (Sigma) in 50 mM NH4HCO3 for 30 minutes at room temperature. After 

thiomethylation the samples were diluted two-fold with binding buffer (100 mM Ammonium 

acetate, 30% acetonitrile, pH 4.5). The protein solution was added to MagResyn HILIC magnetic 

particles prepared according to manufacturer’s instructions and incubated for 3 hours with rotation. 

After binding the supernatant was removed and the magnetic particles washed twice with washing 

buffer (100 mM Ammonium acetate, 95% acetonitrile, pH 4.5). After washing the magnetic 

particles were suspended in 10 mM NH4HCO3 containing trypsin (Pierce) to a final ratio of 1:50.  

After an overnight incubation at 37 °C the peptides were extracted once with 50 l water 1% 

trifluoroacetic acid (TFA). The samples were dried down and re-suspended in 30 μl 2% 

acetonitrile: water; 0.1% formic acid (FA). 

Liquid Chromatography 

Liquid chromatography was performed on a Thermo Scientific Ultimate 3000 RSLC equipped 

with a 20 mm x 100 μm C18 trap column (Thermo Fisher) and a CSH 25 cm x 75 μm, 1.7 μm 
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particle size C18 column (Waters) analytical column. The solvent system employed was loading: 

2% acetonitrile: water; 0.1% FA; Solvent A: 2% acetonitrile: water; 0.1% FA and Solvent B: 100% 

acetonitrile: water. The samples were loaded onto the trap column using loading solvent at a flow 

rate of 2 μl/min from a temperature controlled autosampler set at 7 C. Loading was performed for 

5 minutes before the sample was eluted onto the analytical column. Flow rate was set to 300 nl/min 

and the gradient generated as follows: 2% from 0-5 minutes, 2% - 30% from 5 to 65 minutes and 

30 - 50% B from 65-80 minutes. Chromatography was performed at 45 °C and the outflow 

delivered to the mass spectrometer. 
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CHAPTER 7 
Analysis of the Effect of the NRXN2 p.G849D Variant 

on its Synaptic Function 

 

This chapter consists of a “submission-ready” manuscript that addressed Objectives 7-8 of this 

study. Since NRXN2α functions mainly as a synaptic protein, we wanted to evaluate the effect of 

the p.G849D variant on synapse function. To this end, we created a homology model of NRXN2α 

bound to NLGN1. NRXN2α is located in the pre-synapse and commonly binds to NLGN1, which 

is located in the post-synapse. We then used GROMACS to perform molecular dynamic (MD) 

simulations in order to analyze the effect of the mutation on NRXN2α-NLGN1 binding. 

Thereafter, we wanted to examine synapse formation in vitro. To this end, we differentiated SH-

SY5Y cells with retinoic acid and transfected them with the wild-type NRXN2α-ECFP-N1 and 

mutant plasmids. We then stained for the pre-synaptic marker, synapsin I, and the post-synaptic 

marker, PSD-95, using immunofluorescence.  

 

Submission-Ready Article: p.G849D mutant neurexin 2 alpha disrupts the neurexin-neuroligin 

system in silico and synapse formation in SH-SY5Y cells 

Authors: Cuttler, K., Hassan, M., Cloete, R., Bardien, S. 

Target Journal: European Journal of Neuroscience (Impact Factor: 3.386). Will be submitted. 

Supplementary material: This follows directly after the article, in text. 
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Abstract          

There is growing evidence implicating synaptic dysfunction as a molecular mechanism underlying 

Parkinson’s disease (PD). In our previous study we identified the p.G849D variant in neurexin 2 

(NRXN2), encoding the synaptic protein, NRXN2α, as a possible causal variant of PD. NRXN2α 

is a synaptic maintenance protein embedded in the pre-synaptic membrane that mediates its 

function via binding to neuroligins (NLGNs) in the post-synaptic membrane. In this study, we 

aimed to examine the potential effect of the p.G849D variant on the synaptic functioning of 

NRXN2α. To this end, we utilized molecular dynamic (MD) simulations to determine the effect 

of the variant on NRXN2α-NLGN1 binding. Thereafter, we performed a synapse formation assay 

in vitro by overexpressing NRXN2α in differentiated SH-SY5Y cells and staining for synaptic 

markers. Analysis of the MD simulations showed an overall destabilizing effect of the variant on 

the NRXN2α-NLGN1 protein system. Therefore, we hypothesized that the variant could disrupt 

the neurexin-neuroligin system at synapses. Thereafter, following staining for the synaptic markers 

synapsin I and PSD-95 in vitro, we observed an increase in both markers in cells overexpression 

mutant NRXN2α. This increase is indicative of an increase in synaptic transmission. Since we  

saw disruption of the neurexin-neuroligin system, we concluded that this increase may be a 

compensatory response whereby other cell adhesion molecules at the synapse are attempting to 

maintain synaptic transmission. Findings from this exploratory study indicate that the p.G849D 

variant in NRXN2α may influence its function as a synaptic adhesion protein and that the resultant 

dysregulated synaptic maintenance could lead to neurodegeneration.  

 

Key Words: neurexin 2α (NRXN2), pG849D, Parkinson’s disease, synapse, molecular dynamic 

simulations, synapsin I, PSD-95 
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1. Introduction 

There is growing evidence implicating synaptic dysfunction in the aetiology of Parkinson’s disease 

(PD) (Torres et al., 2017; Imbriani et al., 2018).  Indeed, it has been postulated that synaptopathy 

is a central event in disease pathogenesis and  precedes neuronal damage in PD (Imbriani et al., 

2018). Synaptic dysfunction can occur due to mutations that alter the structure and function of 

synaptic components or abnormal expression levels of a synaptic protein. In a previous study, 

using molecular modelling and simulation studies we reported that the p.G849D variant in the 

synaptic protein, neurexin 2 alpha (NRXN2α) found in a South African multiplex PD family, could 

play a role in PD development (Sebate et al., 2021). However, that study only looked at the wild-

type and mutant NRXN2α protein structure in isolation from its common binding partner 

neuroligin 1 (NLGN1). This prompted us to investigate the oligomeric complex of the NRXN2α 

protein in complex with NLGN1, which are known to interact at excitatory synapses (Taylor et al., 

2009; Reissner et al., 2013). As is known from literature, neurexins are embedded in the 

presynaptic membrane and are important synaptic maintenance proteins (Craig & Kang, 2007). 

Therefore, we wanted to examine the effect of the variant on the synaptic functioning of NRXN2α. 

Neurexins and neuroligins have been associated with multiple developmental disorders, and there 

is increasing evidence that they are associated with several neurodegenerative disorders (Fu & Fu, 

2015; Goetzl et al., 2018; Lleó et al., 2019) (For Review: Cuttler et al., 2021). 

In order to better understand the effect of the p.G849D variant on protein structure and function, 

we have previously used molecular dynamic (MD) simulations (Sebate et al., 2021). MD 

simulations play a role in predicting the properties of molecular systems (Geng et al., 2019) and 

have led to an increased understanding of protein structure-function relationships (Nair & Miners, 

2014). Not all genes of interest can be investigated using wet-lab experiments due to the time and 

costs that arise. In addition, certain protein structures are difficult to resolve experimentally, such 

as large membranous proteins that are insoluble in water. Therefore, molecular modelling and MD 

simulations are useful to study structure-function relationships, disease pathways, and drug design 

(Lemkul, 2019). In PD, in particular, the familial A53T mutation in α-synuclein has been examined 

using MD simulations (Coskuner & Wise-Scira, 2013). These simulations helped explain the 

increased α-synuclein aggregation and Lewy body formation observed in individuals with this 

mutation. It was found that the non-amyloid β component of the protein was more solvent exposed 

upon introduction of the mutation, contributing to an increased aggregation rate (Coskuner & 

Wise-Scira, 2013). Other studies utilized MD simulations to understand the role of DJ1, VPS35, 

and LRRK2 mutations in PD (Anderson & Daggett, 2008; Zimprich et al., 2011; Guo et al., 2016). 

These studies show that MD simulations can complement wet-lab experimentation by providing 

insight into possible mechanisms of PD development which can then be further investigated. 

We previously showed through MD simulations that the p.G849D variant is destabilizing to 

NRXN2α protein’s conformation and has a strong effect on the LNS6 domain (Sebate et al., 2021). 

The LNS6 domain, in particular, is involved in binding of NRXN2α to its binding partners and 
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thus mediates its role in synaptic signalling (Dean & Dresbach, 2006). Therefore, the present study 

aimed to examine the role of the variant on the synaptic function of NRXN2α. We did this through 

a combinatorial approach. First, we performed MD simulations on wild-type and mutant NRXN2α 

in complex with a known binding partner, NLGN1 to determine if the synaptic function of 

NRXN2α is altered. Thereafter, we examined synapse formation in vitro by staining for synaptic 

markers in differentiated SH-SY5Y cells overexpressing the wild-type or mutant NRXN2α protein. 

 

2. Materials and Methods 

2.1 Ethical Considerations 

Ethical approval for the study was obtained from the Health Research Ethics Committee (Protocol 

numbers 2002/C059 and S20/01/005 PhD) and the Research Ethics Committee: Biological and 

Environmental Safety (Protocol number BEE-2021-13149), Stellenbosch University, Cape Town, 

South Africa. 

 

2.2 Generation of the NRXN2-NLGN1 Complex Structure  

Since the protein structures of human NRXN2α and NLGN1 have not yet been solved 

experimentally, we used homology models. The three dimensional (3D) homology model of 

NRXN2α was generated as per Sebate et al., (2021), using PDBID: 3R05 [Laminin neurexin sex 

hormone binding globulin domains (LNS1-LNS6), with splice insert SS3, Bos taurus (cow)] as a 

template. NLGN1 was extracted from PDBID: 3BIW [Neuroligin-1/Neurexin-1beta synaptic 

adhesion complex, Rattus norvegicus (rat)] by superimposition of the NRXN2α protein model and 

using the PyMol align command (DeLano, 2002).  

 

2.3 Molecular Dynamic Simulations 

Two simulation systems were prepared, wild-type (WT) NRXN2 in complex with NLGN1 and 

mutant (MUT) NRXN2 in complex with NLGN1. The two protein structures were prepared for 

simulation using the CHARMM-GUI solution builder option (www.charmm-gui.org) (Jo et al., 

2008; Lee et al., 2016). The systems were solvated with TIP3 water molecules in a rectangular 

box of at least 10 Å of water between the protein and edges of the box. To neutralize the charge of 

the systems to 0.15 M concentration, 407 potassium ions and 393 chlorine ions were added to the 

WT system, while 408 potassium ions and 393 chlorine ions were added to the MUT system using 

the Monte-Carlo ion placing method.  All the simulations were carried out using the GROMACS-

5.1 package (Van Der Spoel et al., 2005) along with the CHARMM36M force-field (Huang & 

Mackerell, 2013). This force-field was used to be consistent with our previous published work 
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(Sebate et al., 2021) and because it is optimized for proteins, small molecules, nucleotides, and 

lipid molecules. 

Each system underwent 50,000 steps of steepest descents energy minimization to remove steric 

clashes. The systems then were subjected to a two-step equilibration phase; NVT (constant number 

of particles, volume and temperature) for 100 ps to stabilize the temperature of the system and a 

short position restraint NPT (constant number of particles, pressure and temperature) for 100 ps to 

stabilize the pressure of the system by relaxing the systems and keeping the protein restrained. For 

the NVT simulation the system was gradually heated by switching on the water bath and the Nose-

Hoover coupling method (Rühle, 2007) was used, with constant coupling of 1.0 ps at 303.15 K 

under a random sampling seed. While for NPT ensemble, the Parrinello-Rahman pressure coupling 

(Parrinello & Rahman, 1981) was turned on with constant coupling of 1.0 ps at 303.15 K under 

conditions of position restraints (H-bonds). For both NVT and NPT, electrostatic forces were 

calculated using Particle Mesh Ewald method (Essmann et al., 1995). Both systems were subjected 

to a full 200 ns simulation repeated twice to validate the reproducibility of results. The analysis of 

the trajectory files was done using GROMACS utilities. The root mean square deviation (RMSD) 

for backbone atoms was calculated using gmx rmsd, the root mean square fluctuation (RMSF) 

average per-residue analysis was calculated using gmx rmsf, the change in the solvent accessibility 

surface area (SASA) for protein atoms was calculated using gmx sasa, the radius of gyration for 

the protein atoms was calculated using gmx gyrate and the changes in hydrogen bonds (H-bonds) 

was calculated using gmx hbond. VMD (Humphrey et al., 1996) was used to visually inspect 

changes in the secondary structural elements and the motion of domains along the trajectory. 

2.3.1 Principal Component Analysis (PCA) and Free Energy Surface (FES) Analysis 

PCA is a statistical technique that reduces the complexity of a data set and was used here to extract 

biologically relevant movements of protein domains from irrelevant localized motions of atoms. 

For PCA analysis, the translational and rotational movements were removed from the system using 

gmx covar from GROMACS to construct a covariance matrix. Next, the eigenvectors and 

eigenvalues were calculated by diagonalizing the matrix. The eigenvectors that correspond to the 

largest eigenvalues are called “principal components”, as they represent the largest-amplitude 

collective motions. We filtered the original trajectory and projected out the part along the most 

important eigenvectors namely: vector 1 and 2 using gmx anaeig from GROMACS utilities. 

Furthermore, we visualized the sampled conformations in the subspace along the first two 

eigenvectors using gmx anaeig in a two-dimensional projection. The two-dimensional projection 

of the first two principal components was plotted using Gnuplot version 5.2 (Williams & Kelley, 

2019).  

Afterwards, we calculated the free energy surface (FES) using gmx sham and plotted it using gmx 

xpm2ps. The FES represents all the possible different conformations a protein can adopt during a 

simulation reported as Gibbs free energy. The molecules free energy was calculated with the 

formula ΔG(r) = -kBT in P(x,y)/Pmin, where P is the probability distribution of the two variables 
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Rg and RMSD, Pmin is the maximum probability density function, kB is the Boltzmann constant 

and T is the temperature of the simulation. Conformations sampled during the simulation are 

projected on a two-dimensional plane to visualize the reduced free energy surface. The clustering 

of points in a specific cell represents a possible metastable conformation. 

 

2.4 Cell Culture 

SH-SY5Y cells were cultured in DMEM with high glucose (4.5 g/l) and 4 mM L-Glutamine 

(Lonza). In addition, the media was supplemented with 15% FBS (Gibco) and 1% 

penicillin/streptomycin (P/S) (Sigma Aldrich). Cells were maintained at 37 °C and 5% CO2 in a 

humidified incubator (ESCO Technologies).  

 

2.5 Plasmids 

 2.5.1 NRXN2α Wild-type 

Since human NRXN2α cDNA was not available at the time of the study, we used wild type mouse 

NRXN2α cDNA instead. The NRXN2α-ECFP-N1 plasmid was provided by Prof. Ann Marie 

Craig (University of British Columbia, Canada) and was generated as per Kang et al., (2008). The 

pECFP-N1 plasmid without an insert (empty vector) was obtained from Prof. Harald Sitte 

(Medical University of Vienna, Austria). 

 2.5.2 Site-directed Mutagenesis 

In order to generate the p.G849D mutant plasmid (p.G882D in our mouse model (mouse genomic 

position: 540693_chr19 (GRCm39)), site-directed mutagenesis was performed on the wild-type 

NRXN2α-ECFP-N1 plasmid using the Q5 Site-Directed Mutagenesis kit (New England Biolabs) 

as per the manufacturer’s instructions. Briefly, the wild-type plasmid was used as template DNA 

in a PCR reaction with a mutagenic forward primer, containing the single base pair change that 

leads to the generation of the G to D substitution, and back-to-back reverse primer. The primer 

sequences are as follows: Q5 G882D Forward: 5’-GTG TTC AAT GAT CAA CCC TAC ATG GAC 

C-3’; Q5 G882D Reverse: 5’-CAG CCC ACT CAG GTG CCC-3’. The PCR reaction consisted of 

an initial denaturation at 98 °C for 30 seconds, followed by 25 cycles of 98 °C for 10 seconds, 

69 °C for 30 seconds and 72 °C for 5 minutes, and a final extension at 72 °C for 2 minutes. 

Following the PCR reaction, the kinase, ligase and DpnI enzyme mixture was added to the PCR 

product and incubated at room temperature for five minutes. This mixture is used to efficiently 

phosphorylate, ligate, and circularize the new construct and remove the template construct. After 

the incubation period, 5 μl of the reaction mixture was used for bacterial transformation of the 

NEB 5-alpha competent E. coli cells. Confirmation of mutagenesis was performed using Sanger 

sequencing of plasmid DNA at Stellenbosch University’s Central Analytical Facilities (CAF).  
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2.6 Differentiation of SH-SY5Y Cells 

SH-SY5Y cells were maintained in DMEM supplemented with 15% FBS and 1% P/S for 48 hours. 

Cells were then washed with D-PBS and differentiation media was added (DMEM with 3% FBS, 

1% P/S and 10 μM retinoic acid). The cells were maintained in this differentiation media for 7 

days before being used for downstream applications. Confirmation of successful differentiation 

was determined by examining the cells under an Oxion Inverso Fluo E4 fluorescent microscope 

(Euromex) at 100x magnification (transmitted light) for the presence of branches and neuronal 

outgrowths. 

 

2.7 Transfection of SH-SY5Y Cells 

The differentiated cells were transfected using TransIT-2020 (Mirus) as per the manufacturer’s 

instructions. The transfection reagents combined with plasmid DNA were added dropwise to each 

well and the plates were incubated at 37 °C, 5% CO2. After 24 hours the transfection media was 

removed and replaced with pre-warmed complete media. The transfection efficiency was 

determined by examining the cells under an Oxion Inverso Fluo E4 fluorescent microscope 

(Euromex) at 100x magnification for the presence of cyan fluorescent protein (CFP).  

 

2.8 Fluorescence Microscopy 

Differentiated SH-SY5Y cells were seeded onto microscope cover slips within a 6-well plate prior 

to transfection. After transfection, cells were fixed with 3% formaldehyde in PBS for 20 min at 

room temperature. Cells were then washed 3 times in 1X PBS, after which they were permeabilized 

with 0.25% Triton X-100 in PBS for 20 min. Thereafter, cells were washed 3 times in 1X PBS and 

blocked in 0.5% BSA in PBS for 20 min. Cells were then incubated in primary antibody (1:200 in 

0.5% BSA in PBS) overnight at 4 C. Subsequently, the cover slips were washed 3 times with 0.5% 

BSA in PBS and then incubated with the appropriate secondary antibody (1:500 in 0.5 % BSA in 

PBS) for 1 h in the dark, at room temperature. The primary and secondary antibodies that were 

used are listed in Table 1. Cover slips were then washed 3 times with PBS. Cover slips were then 

mounted onto clean microscope slides using Faramount Aqueous Mounting Medium (Dako) and 

incubated at room temperature for 1.5 h in order to allow the mounting medium to set. Controls 

were prepared as above, using primary antibodies only and secondary antibodies only.  

Confocal microscopy images were acquired at the Central Analytical Facilities of Stellenbosch 

University with a Zeiss LSM780 confocal microscope. Images were acquired with ZEN 2012 

imaging software, using a Plan-Apochromat 20x/0.8 M27 objective. Alexa Fluor 488 was excited 

with an Argon laser at 488 nm, while Alexa Fluor 568 was excited with a 561 nm laser. Emission 

was detected from 490-570 nm and 574-712 nm for the respective fluorochromes. Acquired 
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images were processed in FIJI image analysis software. Channels were separated before the 

automated thresholding was applied for both the green and red channels. The average intensity of 

signal above the threshold was measured for each image. 

Table 1: Antibodies used for confocal microscopy 

Target Protein Primary Antibody Secondary Antibody 

Synapsin 1 Rabbit anti-Synapsin 1 (Thermo 

Fisher: 51-200) 

Anti-rabbit Alexa Fluor 568 (Thermo 

Fisher: A-11011) 

PSD-95 Mouse anti-PSD-95 (Thermo Fisher 

MA1046) 

Anti-mouse Alexa Fluor 488 

(Thermo Fisher: A-11001) 

 

2.9 Graphs and Statistical Analysis 

Unless otherwise stated, all MD simulation results were plotted using Gnuplot version 5.2 

(Williams & Kelley, 2019). Statistical analysis of the fluorescence microscopy results was 

performed using GraphPad Prism® 5.02. A one-way ANOVA followed by a two-tailed student’s t-

test, with a confidence interval of 95%, was used as a means of analysing the data, with p-values 

of less than 0.05 considered to be significant. 

 

3. Results 

3.1 Generation of the NRXN2α-NLGN1 Complex Structure 

Figure 1A shows the 3D structure generated for NRXN2α in complex with NLGN1. The 

NRXN2α-NLGN1 protein model was superimposed onto the homologous template structure 

(PDBID: 3BIW). The RMSD value was 0.391 Å which suggests very little deviation in the main 

chain backbone atoms of the protein model compared to the template. The p.G849D variant 

(p.G889D in our system) is located in the LNS4 domain and is shown in red spheres (Figure 1A). 

Since our previous studies showed that the variant in the LNS4 domain had an effect on the 

conformation of the LNS6 domain (Sebate et al., 2021), we also examined this domain in our 

downstream analysis. Figure 1B thus indicates the residue interactions formed between the 

NRXN2α LNS6 domain and NLGN1. Four polar contacts were observed in the wild-type structure. 

The contact residues are also listed in Table 2. In the synapse, the LNS6 domain of NRXN2α is 

the one that specifically interacts with its binding partners (Dean & Dresbach, 2006). For our MD 

simulations, we examined (i) total NRXN2α protein’s interaction with NLGN1 and (ii) only the 

NRXN2α LNS6 domain’s interaction with NLGN1.  
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Figure 1: The three-dimensional (3D) structure predicted for NRXN2α in complex with NLGN1. A) Each domain of NRXN2α is 

colour-coded, NLGN1 is shown in grey. The p.G889D mutation is shown in red spheres in the LNS4 domain. B) A zoomed in view of 

the NRXN2α LNS6 domain and NLGN1 showing the side chains (orange) potentially forming hydrogen bonds (dotted yellow lines).  
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Table 2: Residues forming polar contacts between NLGN1 and the LNS6 domain of 

NRXN2α 

NRNX2α LNS6 NLGN1 

Arg1157 Asp387 

Arg1161 Gln395 

Arg1284 Glu397 

Thr1287 Asn400 

Abbreviations: Arg: arginine; Asn: asparagine; Asp: aspartic acid; Gln: glutamine; Glu: glutamic 

acid; Thr: threonine 

3.2 Decreased Stability of MUT NRXN2α-NLGN1 Complex  

Two complex systems were prepared for MD simulations, wild-type (WT) NRXN2α in complex 

with NLGN1 and mutant (MUT) NRXN2α in complex with NLGN1. The kinetic energy and 

thermodynamic properties were found to fluctuate around stable values. The total energy was 

stable around -5 x 106 kJ/mol while the potential energy was stable around -6 x 106 kJ/mol for both 

systems (Supplementary Figure 1A-B). In addition, the temperature was stable around 300 K 

and the pressure was stable around 1 bar for both systems (Supplementary Figure 1C-D). Similar 

values were seen for the 2 repeats (Supplementary Figure 2A-C, 3A-C). 

3.2.1 Total NRXN2α Protein in Complex with NLGN1 

The results for the total system analysis are shown in Figure 2. RMSD graphs show that both 

systems became stable at approximately 60 ns (Figure 2A). When measuring the mean and 

standard deviation, the RMSD for the MUT is slightly higher (0.67 nm ± 0.08) than that of the WT 

(0.59 nm ± 0.17) (Figure 2A). A higher RMSD in the MUT vs the WT was also found for the 2 

repeats (Supplementary Figure 2D, 3D). The Rg values were slightly higher in the MUT (4.53 

nm ± 0.04) compared to the WT (4.44 nm ± 0.08) (Figure 2B), as were the SASA values (696.48 

nm2 ± 7.85 in the MUT vs 693.42 nm2 ± 6.22 in the WT) (Figure 2C).  

The average RMSF per-residue values were determined for the last 100 ns of the simulations, as 

this is when the WT reached equilibrium, and are shown for the individual proteins (Figure 2D-

E). The average RMSF for NRXN2 was slightly higher in the MUT (0.29 nm ± 0.13) compared 

to the WT (0.20 nm ± 0.09) (Figure 2D), as were the average RMSF values for NLGN1 (0.17 nm 

± 0.05 in the MUT vs 0.14 nm ± 0.04 in the WT) (Figure 2E). The highly fluctuating residues are 

labelled on the figures (Figure 2D-E). Notably, these residues may be of interest for therapeutic 

modalities, as they could be potential drug targets to restore the stability of the protein. 
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Figure 2: Trajectory analysis of WT and MUT systems for the total protein. A) Root mean square deviation (RMSD) of the 

backbone atoms. B) Radius of gyration (Rg) of the protein atoms. C) Solvent accessible surface area (SASA) of the protein. D) Root 

mean square fluctuation (RMSF) for NRXN2α. E) RMSF for NLGN1. 
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 3.2.2 NRXN2α LNS6 Domain in Complex with NLGN1 

Analysis of the NLGN1 in complex with the LNS6 domain of NRXN2α showed that the MUT 

system had a higher RMSD (0.67 nm ± 0.08) than the WT system (0.59 nm ± 0.17) (Figure 3A). 

In addition, the average number of hydrogen bonds was slightly higher in the MUT system 

compared to the WT system (535.44 ± 10.50 vs 534.86 ± 10.25) (Figure 3B). Although this is not 

a large difference, there is also a change in the number of hydrogen bonds across the entire 200 ns 

simulation. The average RMSF for the NRXN2 LNS6 domain was slightly higher in the MUT 

(0.24 nm ± 0.11) compared to the WT (0.22 nm ± 0.14) (Figure 3C). The average RMSF values 

for NLGN1 were equal (0.12 nm ± 0.05 in the WT vs 0.12 nm ± 0.05 in the MUT) (Figure 3D). 

However, there are a few residues in NLGN1 with higher fluctuation in the MUT when compared 

to the WT, namely residues 466 and 636 (Figure 3D).  Neither these, nor the highly fluctuating 

residues in NRXN2 (Figure 3C), are involved in the hydrogen bonds forming between the LNS6 

domain and NLGN1 (Table 2). Therefore, the MUT does not seem to have a direct effect on the 

protein binding. However, the destabilizing values seen previously and the change in the average 

number of H-bonds over time suggests that these systems are not functioning optimally, which 

could affect the binding between NRXN2α and NLGN1. Upon visual inspection of the movement 

of these domains, the movement of NLGN1 seems to be similar in the WT and MUT systems 

however, MUT NRXN2α had more flexible loop regions (Supplementary Files S1 and S2: 

https://drive.google.com/drive/folders/192Sq7ucYirykkZuYI7P7r2VwFruKtyni?usp=sharing).
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Figure 3: Trajectory analysis of WT and MUT systems for the NRXN2α LNS6 domain and NLGN1.  A) Root mean square 

deviation (RMSD). B) Number of Hydrogen Bonds. C) Root mean square fluctuation (RMSF) for NRXN2 LNS6 domain. D) RMSF 

for NLGN1.
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3.3 Principal Component Analysis (PCA) 

PCA was performed for both the residues of the total protein system and only the NRXN2α LNS6 

domain’s residues in conjunction with NLGN1 (Figure 4). For the total protein, the covariance 

matrix was generated using the backbone atoms, whereas the covariance matrix of the NRXN2α 

LNS6 domain in conjunction with NLGN1 was generated using the protein atoms. Due to the high 

computing power required, both analyses were only conducted on the final 10 ns of the simulation 

during which the systems reached equilibrium. 

For the total protein, calculation of the contribution of the principal components (PCs) showed that 

the first two PCs contributed significantly to the movement of the backbone. PC1 contributed 38% 

and 37% to the WT and MUT, respectively. PC2 contributed 18% and 6% to the WT and MUT, 

respectively. 2D projections for the first and second principal components are shown in Figure 

4A. After diagonalization, the covariance matrix values were calculated for both systems. The 

covariance matrix values are 111.43 nm2 for the WT and 130.90 nm2 for the MUT, showing an 

increase in the MUT system. In agreement with these values, the projection also shows that the 

MUT system has a more randomised motion compared to the WT system, showing fewer clusters, 

showing that the MUT system is likely less stable. 

For the analysis of the NRXN2α LNS6 domain in complex with NLGN1, the first two PCs also 

contributed significantly to the movement of the protein. PC1 contributed 25% and 47% to the WT 

and MUT, respectively. PC2 contributed 17% and 18% to the WT and MUT, respectively. 2D 

projections for the first and second principal components are shown in Figure 4B. The covariance 

matrix values are 178.18 nm2 for the WT and 212.59 nm2 for the MUT, again showing an increase 

in the MUT system.  Again, this shows that the MUT system is likely to be less stable than the 

WT.
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Figure 4: Two-dimensional (2D) projections of the first and second principal components for the WT and MUT systems. A) 

Total backbone atoms. B) NRXN2α LNS6 domain in complex with NLGN1. 
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3.4 Free Energy Surface (FES) Analysis 

FES analysis was performed for both the total protein and the NRXN2α LNS6 domain in complex 

with NLGN1 (Figure 5). For both the total protein (Figure 5A-B) and the NRXN2α LNS6 domain 

only in complex with NLGN1 (Figure 5C-D), the MUT showed only one energy minima state 

while the WT showed several metastable conformations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Free energy surface (FES) analysis of the WT and MUT systems. Gibbs free energy 

of total protein for the WT (A) and MUT (B) systems. Gibbs free energy of the NRXN2α LNS6 

domain in complex with NLGN1 for the WT (C) and MUT (D) systems. Blue regions represent 

low energy conformational states while red regions indicate high energy states. 
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3.5 Confirmation of SH-SY5Y Differentiation and Transfection 

Figure 6A shows that the SH-SY5Y cells were successfully differentiated after being maintained 

for 7 days in the differentiation media (DMEM with 3% FBS, 1% P/S and 10 μM retinoic acid). 

In comparison to the undifferentiated cells (Figure 6B), the differentiated cells are more elongated 

and have a more branched phenotype.   

After confirmation of successful mutagenesis of the mutant plasmid DNA, the wild-type and 

mutant plasmids, along with the empty vector plasmid (pECFP-N1), were then transfected into the 

differentiated SH-SY5Y cells. Transfection efficiency, determined by microscopically examining 

the cells for the presence of CFP-positive cells, was found to be 67% for the wild-type construct, 

64% for the mutant construct and 66% for the empty vector construct. 
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Figure 6:  Representative images of SH-SY5Y cells show successful differentiation after 7 days in the differentiation medium. 

A) Differentiated SH-SY5Y cells. B) Undifferentiated SH-SY5Y cells. 
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3.6 Increased Expression of Synapsin I and PSD-95  

Synapsin I is a pre-synaptic marker and PSD-95 is a post-synaptic marker of synapse formation in 

cells. We used immunofluorescent staining and confocal microscopy to examine the levels of these 

proteins in our samples. Figure 7A shows representative images for the different treatments. 

Figure 7B shows a significant increase in synapsin I levels for the wild-type compared to non-

transfected cells (p < 0.0001) and of the mutant compared to non-transfected cells (p < 0.0001). 

There is also a significant increase in synapsin I levels in the mutant compared to the wild-type 

samples (p = 0.03). Similarly, PSD-95 levels are also significantly increased in the wild-type vs 

non-transfected cells (p < 0.01) and in the mutant vs non-transfected cells (p < 0.0001) (Figure 

7C). Again, a significant increase in PSD-95 levels in the mutant compared to the wild-type 

samples was observed (p < 0.01). 
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Figure 7:  Overexpression of wild-type and mutant NRXN2α in differentiated SH-SY5Y cells increases synapsin I and PSD-95 

levels A) Representative images of synapsin I (red) and PSD-95 (green) staining in the different treatment groups. B) Quantification of 

synapsin I levels. C) Quantification of PSD-95 levels. n ≥ 9; one-way ANOVA and student’s t-test. 
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4. Discussion 

The aim of the present study was to examine the potential role of the p.G849D variant on the main 

function of NRXN2α, namely synapse maintenance and function. To this end, we used a 

combinatorial approach whereby we examined in silico the effect of the variant on the binding of 

NRXN2α to its common binding partner, NLGN1, using MD studies, and then examined synapse 

formation in vitro by measuring expression of two synaptic protein markers, synapsin I and PSD-

95.  

MD Simulations 

The p.G849D change in NRXN2α is from the small non-polar glycine to the much larger, 

negatively charged aspartic acid. In our previous study, (Sebate et al., 2021) we obtained a deeper 

insight into the structural implications of this variant on the protein structure. We showed that the 

variant had an overall destabilizing effect on the protein altering its conformation, and specifically 

affected the mobility of the LNS6 domain (Sebate et al., 2021). Since the LNS6 domain is mainly 

involved in the binding of NRXN2α to its binding partners (Dean & Dresbach, 2006), we predicted 

that the increased flexibility observed for this domain may affect the binding of neuroligins and 

thereby potentially the organization of synapses. To this end, we generated a 3D homology model 

of NRXN2 in complex with NLGN1 and performed MD simulations. Since we were interested in 

the potential interactions between the LNS6 domain of NRXN2α and NLGN1, we analyzed the 

total trajectory of the full protein system as well as the LNS6 domain only in complex with NLGN1. 

Trajectory analysis of the total protein system confirmed that the variant had an overall 

destabilizing effect, as the average RMSD, Rg, SASA and RMSF were all increased in the MUT 

system when compared to the WT system (Figure 2). Trajectory analysis of the LNS6 domain and 

NLGN1 complex showed similar results whereby the average RMSD and RMSF (NRXN2α) were 

both increased in the MUT system (Figure 3A, C). However, the average RMSF values for 

NLGN1 were approximately equal in both systems (Figure 3D). Both the LNS6 domain and 

NLGN1 had a few residues with higher fluctuation values in the MUT when compared to the WT. 

Interestingly, none of these residues were predicted to be involved in the formation of hydrogen 

bonds between the LNS6 domain and NLGN1 (Table 2). Therefore, the MUT does not seem to 

have a direct effect on the protein binding with NLGN1. Upon visual inspection of the movement 

of these domains, MUT NRXN2α had more flexible loop regions when compared to the WT 

(Supplementary Files S1 and S2). In addition, a change in the number of  hydrogen bonds formed 

between the LNS6 domain and NLGN1 was observed in the MUT (Figure 3B). Together with the 

destabilizing RMSD, Rg and SASA values, this suggests that these systems are not functioning 

optimally, which could affect the binding between NRXN2α and NLGN1. Furthermore, future 

drug development efforts could target the flexible loop regions if there are drug binding pockets 

nearby to restore stability to the LNS6 domain, and thereby restore binding of the protein to 

NLGN1. In future, non-bonded interaction energy analysis and docking studies would need to be 
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done to better understand the binding of NLGN1 to NRXN2α. This would involve extending the 

simulations and generating different conformations to assess different binding modes.  

PCA and FES Analyses 

In order to reduce the complexity of the trajectory data, we utilized PCA and FES analyses. Here, 

the PCA extracted biologically relevant movements of the protein domains while the FES analysis 

reports Gibbs free energy and represents all the possible conformations that a protein can adopt 

during a simulation. Again, these analyses were performed on the total trajectory of the protein 

system, as well as the LNS6 domain in complex with NLGN1. Due to the size of the system and 

computational power required, PCA could only be conducted on the protein’s backbone atoms for 

the total protein system. The backbone is generally more stable over the course of the simulation, 

however here there was still an increase in the covariance matrix values in the MUT system when 

compared to the WT (Figure 4A). The PCA for the LNS6 domain in complex with NLGN1 was 

able to be performed on the protein residues. Again, the covariance matrix values in the MUT 

system were higher than those in the WT system (Figure 4B). Therefore, both PCAs suggest that 

the MUT is less stable than the WT. 

Following from this, the FES analyses comparing the Gibbs free energy across the top two PCs 

were performed. For both the total protein system (Figure 5A-B) and the LNS6 domain in complex 

with NLGN1 (Figure 5C-D), the MUT showed only one energy minima state while the WT 

showed several metastable conformations. This provides further evidence that the variant has a 

destabilizing effect.  

Since we had previously used the NRXN2α homology model to examine the effect of the p.G849D 

variant on the protein structure (Sebate et al., 2021), we wanted to use the same model to examine 

the effect of the variant on the binding of NRXN2α to NLGN1. However, the LNS1 domain of the 

protein could not be modelled due to the lack of sequence coverage between the target sequence 

and homologous template structure. A new tool developed by EMBL-EBI, AlphaFold, is able to 

predict protein structures with high accuracy (Jumper et al., 2021; Varadi et al., 2022). Therefore, 

it is possible that AlphaFold could be used to predict the full length structure of the human 

NRXN2α structure to overcome this limitation. Another limitation is that the 200 ns simulation 

time may not be sufficient to sample enough of the protein’s energy minima landscape or phase 

space thereby missing important energetic conformations. 

NRXN2α-NLGN1 Function 

Neurexins are localized pre-synaptically and are distributed to both excitatory and inhibitory 

synapses (Krueger et al., 2012). Their functions are mediated by their binding to post-synaptic 

neuroligins (Craig & Kang, 2007). Together neurexins and neuroligins form trans-synaptic bridges 

with each other in the synaptic cleft and function in synaptic organization, neuronal cell adhesion, 

transmembrane signalling and calcium channel regulation (Craig & Kang, 2007). Therefore, the 
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observed destabilizing effect of the variant on NRXN2α-NLGN1 binding may negatively affect 

synaptic transmission efficacy, pre-synaptic vesicular transport, and synaptic plasticity. In the 

worst-case scenario, the variant could even result in the loss of synaptic regulation leading to the 

accumulation of metabolic products in the synapse, as has been seen in PD (Fahn, 2010; Schapira 

& Jenner, 2011; Picconi et al., 2012). Since autophagy and lysosomal clearance is often also 

impaired in PD (Malik et al., 2019), we speculate that this could worsen this accumulation of toxic 

metabolites. 

Experimental studies have shown that when the function of NRXN2α is dysregulated there is 

impairment in synaptic activity and have implicated the protein in another neurological disease, 

Alzheimer's disease (AD) (Tabuchi & Südhof, 2002; Missler et al., 2003; Brito-Moreira et al., 

2017; Naito et al., 2017). Meanwhile, PD animal models have implicated protein complexes at  

both the pre- and post-synaptic sites as key factors in PD (De La Fuente-Fernández et al., 2004; 

Roach, 2007; Belluzzi et al., 2012) In addition, studies have shown that the proteins linked to PD, 

such as SNCA and LRRK2, play a critical role at the pre-synaptic site (Li et al., 2010; Esposito et 

al., 2012). These studies have demonstrated that PD progression can be affected by the dopamine 

release into the synaptic cleft which relies on functional pre-synaptic vesicular transport, synaptic 

vesicle trafficking, and the maintained regulation of pre-synaptic plasticity (Li et al., 2010; 

Esposito et al., 2012). Therefore, it is plausible that if the neurexin-neuroligin pathway is 

dysregulated in PD, the resultant synaptic dysregulation could also affect dopamine release into 

the synaptic cleft.  

Synapse Formation 

Since we observed a destabilizing effect of the variant on the interaction between NRXN2α and 

NLGN1 using MD simulations indicating the potential disruption of the neurexin-neuroligin 

system, we wanted to examine the effect of the variant on the synaptic function of NRXN2α in 

vitro. To this end, we transfected differentiated SH-SY5Y cells with plasmids expressing wild-

type and mutant NRXN2α cDNA. Upon differentiation with retinoic acid, SH-SY5Y cells become 

more neuronal-like with a branched phenotype. They have also previously been shown to form 

synapses and generate action potentials (Johannson, 1994; Öz & Çelik, 2016). Thereafter, we 

stained for two synaptic markers, synapsin I and PSD-95. Synapsin I is a pre-synaptic marker used 

to measure the level of pre-synaptic induction in synaptic vesicles while PSD-95 is a post-synaptic 

marker used to measure the induction of glutamatergic synapses (Biederer & Scheiffele, 2007). 

Neurexins are known to induce pre-synaptic differentiation and the differentiation of glutamate 

post-synaptic specializations in vitro through their interactions with neuroligins (Graf et al., 2004). 

Upon transfection with the wild-type NRXN2α plasmid, the differentiated SH-SY5Y cells 

displayed increased levels of both synapsin I and PSD-95 (Figure 7). This is indicative of an 

increase in synaptic transmission and thereby agrees with previously published literature (Graf et 

al., 2004). At excitatory glutamatergic synapses, neurexins signal to dendrites to trigger the 

clustering of post-synaptic scaffolding proteins, signal transducing enzymes, and glutamate 

receptors by causing the aggregation of neuroligins (Graf et al., 2004). It has also been shown that 
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disruption of this neurexin-neuroligin system results in the loss of glutamate and synaptic 

transmission (Graf et al., 2004).  Interestingly, cells transfected with the mutant plasmid, showed 

an even greater increase in the levels of these markers (Figure 7). Therefore, the mutant appears 

to be causing an increase in both pre-synaptic and post-synaptic glutamatergic differentiation and, 

thus, an increase in synaptic transmission. This result was unexpected as we hypothesized that the 

p.G849D variant would disrupt the neurexin-neuroligin system, leading to a decrease in synaptic 

transmission. However, it is possible that what we are observing is a compensatory response to the 

disruption of neurexin-neuroligin signalling. It may be possible that other cell adhesion molecules, 

such as synaptic cell adhesion molecule (synCAM), synaptic adhesion like molecule (SALM), 

neural cell adhesion molecule (N-CAM), or neural cadherin (N-Cadherin) are acting to increase 

synaptic transmission in the absence of wild-type NRXN2α. SynCAM works to organize 

excitatory synapses, SALM clusters post-synaptic molecules, N-CAM regulates synaptic plasticity, 

and N-cadherin modulates synaptic function (Missler et al., 2012). Any of these molecules could 

therefore increase synaptic transmission if another cell adhesion system was at risk. Therefore, 

over time, the resultant compensatory mechanisms caused by disruption in neurexin-neuroligin 

signalling at excitatory glutamatergic synapses may also become disrupted due to the increased 

pressure to maintain synaptic transmission. Conversely, persistently increased synaptic 

transmission could also be problematic. Synaptic transmission is initiated when the influx of Ca2+ 

triggers synaptic vesicle exocytosis (Sørensen, 2009). Therefore, repetitive stimulation can lead to 

the rapid run-down of synaptic output when the readily releasable vesicles are depleted (Sørensen, 

2009). Therefore, to better understand the effect of the NRXN2α variant, it would be important to 

measure synaptic markers at different time points. It is possible that after the observed increase 

there could be a rapid loss of synaptic output at a later time point. It would also be pertinent to 

repeat these experiments using a co-culture model whereby plasmids can be introduced into 

neuronal cells (Biederer & Scheiffele, 2007; Jiang et al., 2019) allowing synapse formation to be 

examined in much more detail, in order to determine synaptic vesicle recycling and 

electrophysiological signal transmission. This would enable a more direct measurement of the 

actual transmission between synapses. Since neurexins are also able to induce differentiation of 

GABA post-synaptic specializations (Graf et al., 2004) leading to the formation of inhibitory 

GABAergic synapses, it would therefore also be interesting to determine the effect of the mutant 

on these GABAergic synapses in future. This would enable us to determine a ratio between 

excitatory synaptic output and inhibitory synaptic output to see how the neuronal cells are reacting 

to the introduction of the variant. 

In conclusion, findings from this in silico and in vitro study point to the fact that the p.G849D 

variant in NRXN2α may influence its function as a synaptic adhesion protein. The dysregulated 

synaptic maintenance as a result could therefore lead to neurodegeneration. However, future 

studies targeting neurexin-neuroligin binding in vitro as well as synaptic formation and 

electrophysiology experiments are required to better understand the effect of the variant on 

synaptic transmission. 
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Supplementary Figures 

 

Figure S1: Thermodynamic and kinetic properties of the WT and MUT systems over the 

200 ns simulation. A) Total Energy. B) Potential Energy. C) Temperature. D) Pressure. 
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Figure S2: Thermodynamic and kinetic properties of the WT and MUT systems (repeat 1) 

over the 200 ns simulation. A) Total Energy. B) Potential Energy. C) Temperature. D) Root Mean 

Square Deviation (RMSD).  
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Figure S3: Thermodynamic and kinetic properties of the WT and MUT systems (repeat 2) 

over the 200 ns simulation. A) Total Energy. B) Potential Energy. C) Temperature. D) Root Mean 

Square Deviation (RMSD).   
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CHAPTER 8 
Discussion and Conclusion 

 

This final chapter serves to bring together all the different parts of the project and provides insight 

into the broader significance of the findings. 

As previously mentioned, PD is the fastest growing neurological disorder globally, with its 

prevalence increasing by 118% between 1990 and 2015 (Feigin et al., 2017). However, not much 

is known about the genetic basis of PD in SSA. Here, as a step towards studying the genetic 

aetiology of SSA individuals with PD, we identified and recruited a South African (SA) family 

(ZA253) for genetic studies. This family is of Afrikaner European ancestry and consists of five 

individuals with PD and four unaffected individuals who consented to take part in this study. After 

excluding all known causes of PD using a WES approach, we identified a possible causal gene, 

and performed a literature search to better justify its potential role in the development of PD. In 

addition, we performed functional studies to better understand how the variant in this gene could 

result in neuronal death. A summary of these research objectives and their findings is shown in 

Figure 8.1. In brief, WES of three affected members and the subsequent bioinformatic analyses 

led to prioritization of the p.G849D variant in neurexin 2 (NRXN2). Thereafter, we performed a 

literature review and found that neurexins have in fact been implicated in neuropsychiatric and 

neurodegenerative disorders. We then decided to perform functional studies on an in vitro model 

of PD, SH-SY5Y cells. We utilized functional assays and proteomics to determine how 

overexpression of the mutant protein affects the cells and biological pathways. Thereafter, we used 

a combinatorial study to examine the effect of the mutation on the synaptic functioning of the 

NRXN2α protein. Ultimately, our findings indicate that synaptic dysregulation could be linked to 

mitochondrial dysfunction and may lead to neurodegeneration.  
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Figure 8.1 Schematic diagram summarizing the different parts of the doctoral study and the 

main findings.  

A) Shows the process leading up to the selection of the novel variant. B) Shows the functional 

studies conducted to study the effect of the variant.  
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Figure 8.1 Schematic diagram summarizing the different parts of the doctoral study and the 

main findings continued  

Abbreviations: CCNF: cyclin F; CFA65: cilia and flagella associated protein 65; H2O2: hydrogen 

peroxide; MMP: mitochondrial membrane potential; NRXN2: neurexin 2 (gene); NRXN2α: 

neurexin 2 alpha (protein); PD: Parkinson’s disease; PSD-95: post-synaptic density protein 95; 

RTF1: requiring fifty-three 1; SH-SY5Y: neuroblastoma cells; TEP1: telomerase associated 

protein; WES: whole exome sequencing (Image created using Microsoft PowerPoint) 
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8.1 Identification of a Novel Variant in Neurexin 2 

 

Worldwide, the genetic aetiology of PD is still largely unknown, therefore it is necessary to find 

novel PD-causing genes to help us better understand the pathobiology of the disorder. SSA 

populations have the potential to facilitate the discovery of novel genes as they have a unique 

genetic architecture which is distinct from that of other populations outside Africa (Gomez et al., 

2014; Lekoubou et al., 2014). It is speculated that due to the rich genetic heterogeneity present in 

the region, there are unique genotypes, environmental factors, and cultural influences which may 

affect the disease phenotypes displayed in the region (Gomez et al., 2014; Lekoubou et al., 2014). 

Therefore, it can be postulated that novel genes discovered in these populations may provide 

insight to the pathobiology and molecular mechanisms underlying PD. 

The family examined in this study, designated as ZA253, has multiple affected individuals as well 

as unaffected relatives. Therefore, they are a good candidate family to perform co-segregation 

studies using WES data. Furthermore, this family is of Afrikaner European ancestry, which is a 

unique genetic group endemic to SA. Their ancestry can be traced back to people of predominantly 

Dutch ancestry, however, French and German ancestry is also present (Greeff, 2007). In addition, 

due to the history of population mixing in SA, described as a “melting pot”, the Afrikaner European 

heritage also includes a component of the indigenous population (Greeff, 2007). Thus, this family 

is ideal for the potential discovery of novel genes. Consequently, this study’s first objectives were 

to identify the causal genetic factor of PD in family ZA253.  

As per the peer-reviewed original article shown in Chapter 3 (Sebate, Cuttler et al., 2021), we 

prioritised the p.G849D variant in NRXN2 as the potential causal variant of PD in this family. To 

obtain further evidence that this gene is a good candidate for further studies, we also conducted 

MD simulations to determine the effect of this variant on the structure of the transcribed protein, 

NRXN2α and performed a literature review to determine if there was any evidence for the 

involvement of the larger protein family, the neurexins, in neuronal disorders. To this end, we 

found that the variant has a destabilizing effect on the protein and results in an extended 

conformation of the laminin-neurexin-sex hormone binding domain 6 (LNS6), which is 

responsible for protein binding. In addition, the peer-reviewed review article shown in Chapter 4 

(Cuttler et al., 2021) found that neurexins have been implicated in both neuropsychiatric disorders, 
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such as autism spectrum disorders and schizophrenia, as well as neurodegenerative disorders, such 

as AD and PD. In addition, we used the American College of Medical Genetics (ACMG) 

Guidelines (Richards et al., 2015) to classify the variant as likely pathogenic. The classification 

table can be found in Appendix III. 

Therefore, we concluded that NRXN2 is a good candidate gene for further examination using 

functional studies.  

 

8.2 Toxic Feedback Loop Hypothesis 

 

The next objectives of the study relate to using wild-type and p.G849D mutant NRXN2α plasmids 

and transfecting them into SH-SY5Y neuroblastoma cells as a cellular model to study the effect of 

the variant on different aspects of cellular health. The results are presented in an article currently 

under review with Journal of Neural Transmission (Chapter 5). 

We found that overexpression of the mutant protein decreased cellular viability and MMP, and 

increased H2O2 levels, which is indicative of an increase in ROS. We thus hypothesized that it may 

be involved in a toxic feedback loop which could result in neurodegeneration (Figure 8.1). In this 

loop, neuronal cell death could lead to mitochondrial dysfunction which increases ROS generation 

and thus would result in more neuronal cell death, thereby continuing the loop. This toxic feedback 

loop is a well-known phenomenon. Indeed, regulation of cell death has emerged as the second 

major function of mitochondria since they provide the main intracellular source of ROS (Ott et al., 

2007). Excessive ROS production is implicated in mtDNA mutations, ageing, and cell death (Ott 

et al., 2007). Several disorders have thus been linked to the dysfunction of these systems, including 

AD and various cancers (Hu et al., 2017; Wang et al., 2017). 

While the experiments performed do not provide clear evidence of which event may set off the 

loop, there is recent research which suggests that synaptic dysfunction can cause mitochondrial 

dysfunction (Kuzniewska et al., 2020; Plum et al., 2020). Kuzniewska et al., (2020) found that 

dysregulated synaptic translation can lead to altered mitochondrial physiology, while Plum et al., 

(2020) showed that synaptosomes present in PD have altered mitochondrial translation. Therefore, 

we propose that an aberrant synaptic protein, such as mutant NRXN2α, could first cause 
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mitochondrial damage which would then initiate this feedback loop. Over time, the excess 

neuronal cell death caused by this toxic loop could lead to the degeneration observed in PD and 

other neurodegenerative disorders. This work therefore serves to provide more evidence to connect 

synaptic dysfunction and mitochondrial dysfunction in the aetiology of PD. 

 

8.3 Dysregulation of Pathways 

 

To further understand the effect of the variant, the next objective was to investigate the 

dysregulated biological pathways caused by the variant using proteomics analysis. To this end we 

examined the effect of overexpression of both the wild-type and mutant protein using a hypothesis-

free approach and the results are presented as an article currently under review with Frontiers in 

Aging Neuroscience (Chapter 6).  

In complex diseases, various causal genes and genetic factors can often lead to similar phenotypes 

(Kim et al., 2011). On a molecular level, these perturbations often operate on similar cellular 

pathways (Sieberts and Schadt, 2007; Schadt, 2009), as is seen in PD whereby there are only a 

handful of known pathways implicated in development of the disorder (Figure 1.2). Therefore, a 

better understanding of dysregulated pathways is fundamental to understand the mechanisms 

underlying these disorders.  

In our analysis, overexpression of the wild-type protein led to the enrichment of proteins involved 

in neurodegenerative diseases (Figure 8.1). These proteins were shown to have functions related 

to mitochondria and lysosomes, which are known to be dysregulated in PD (Rego and Oliveira, 

2003; Wang et al., 2018). This shows that wild-type NRXN2α could be involved in 

neurodegeneration, and possibly provides further evidence implicating synaptic proteins in the 

pathobiology of PD.  Interestingly, overexpression of the mutant protein led to the decline of 

proteins involved in ribosomal functions (Figure 8.1), both in the cytoplasm and in mitochondria. 

Since the main function of the ribosome is translation of mRNA into protein, dysregulated 

translation could be implicated as a biological process involved in neurodegeneration, and hints at 

a possible mode of action for the p.G849D variant. We therefore hypothesized that dysregulated 

synaptic function and dysregulated mitochondrial functioning are linked, with one possibly leading 
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to the other. Indeed, it has been shown that if synaptic translation is dysregulated, mitochondrial 

physiology can be altered (Kuzniewska et al., 2020). Therefore, we hypothesize that the mutant 

NRXN2α could cause disruption of translation at the synapses and that this may affect 

mitochondrial physiology. The altered mitochondria could result in their dysfunction which is 

known to be linked to neurodegenerative disorders. Therefore, this work shows that biological 

processes related to the ribosome, translation and tRNA, specifically at the synapse, could be an 

important mechanism in PD pathobiology. 

 

8.4 Interaction with Neuroligin 

 

The final study objectives involved investigating the effect of the variant on the primary function 

of the protein. These results are presented in Chapter 7 as a “submission-ready” manuscript 

prepared for the European Journal of Neuroscience. In this case, NRXN2α is a synaptic regulation 

protein, so we wanted to examine the effect of the variant on its synaptic functioning. To this end, 

we first utilized in silico MD simulations to examine the effect of the variant on NRXN2α binding 

to NLGN1, since these proteins function together at the synaptic cleft to mediate synaptic functions 

(Craig and Kang, 2007).  

These simulations showed an overall destabilizing effect of the mutant on the NRXN2α-NLGN1 

protein system (Figure 8.1). We also observed a change in hydrogen bonds between the LNS6 

domain of NRXN2α (the domain responsible for protein binding) and NLGN1. In addition, the 

loop regions of the LNS6 domain were more flexible in the mutant when compared to the wild-

type protein system (Figure 8.1). Together neurexins and neuroligins form synaptic complexes in 

the synaptic cleft and function in synaptic organization, neuronal cell adhesion, transmembrane 

signalling and calcium channel regulation (Craig and Kang, 2007). At the synapse, neurexins and 

neuroligins form a trans-synaptic bridge whereby neurexins signal dendrites to aggregate 

neuroligins (Graf et al., 2004). This results in the clustering of post-synaptic scaffold proteins, 

signal transducing enzymes, and glutamate receptors leading to synaptic transmission and 

vesicular transport (Graf et al., 2004). Therefore, the observed destabilizing effect of the variant 

on NRXN2α-NLGN1 binding may negatively affect synaptic transmission efficacy, pre-synaptic 
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vesicular transport, and synaptic plasticity. Furthermore, PD progression is affected by the release 

of dopamine into the synaptic cleft which relies on functional pre-synaptic vesicular transport, 

synaptic vesicle trafficking, and the maintained regulation of pre-synaptic plasticity (Li et al., 

2010; Esposito et al., 2012). Therefore, it is plausible that if the neurexin-neuroligin pathway is 

dysregulated in PD, the resultant synaptic dysregulation could also affect dopamine release into 

the synaptic cleft.  

 

8.5 Dysregulation of Synaptic Function 

 

In order to further examine the effect of the variant on synaptic functioning, we used an in vitro 

model to stain for markers of synapse formation, namely the pre-synaptic marker synapsin I and 

the post-synaptic marker PSD-95. Again, these results are presented in Chapter 7 as a 

“submission-ready” manuscript. 

Interestingly, overexpression of mutant NRXN2α in vitro showed an increase in both synaptic 

markers (Figure 8.1). This is indicative of an increase in synaptic differentiation and transmission 

(Graf et al., 2004). Neurexins are known to induce pre-synaptic differentiation and the 

differentiation of glutamate post-synaptic specializations in vitro through their interactions with 

neuroligins, which results in increased synaptic transmission (Graf et al., 2004). This result was 

unexpected as the MD simulations showed that the mutation may disrupt the neurexin-neuroligin 

system, and thus we expected a decrease in synaptic transmission. While persistently increased 

synaptic transmission is also problematic since it depletes readily releasable vesicles  (Sørensen, 

2009), we propose that this increased transmission is a compensatory mechanism. Indeed, there 

are multiple synaptic cell adhesion molecules present which have functions that overlap those of 

neurexins (Missler et al., 2012). Therefore, it is possible that one or more of these molecules may 

be able to take over this function for a time and increase the synaptic output. However, since PD 

and other neurodegenerative disorders are age-related, we propose that, over time, the reliance on 

these other systems may strain the system, and result in overall disruption of synaptic maintenance. 

Therefore, these results indicate that the variant may impact NRXN2α’s function as a synaptic cell 

adhesion protein. 
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8.6 Overall Hypothesis  

 

As previously mentioned, NRXN2α is a synaptic maintenance protein with functions in neuronal 

cell-cell adhesion, neurotransmitter secretion regulation, and synaptic regulation, amongst others. 

This dissertation has shown that NRXN2α, and its larger protein family, the neurexins, are good 

candidates for further studies. Overall, we postulate that the disruption of NRXN2α and synaptic 

dysregulation could potentially lead to neurodegeneration. The results from our functional studies 

implicate a toxic feedback loop in PD involving mitochondria, ROS, and cell death. While the 

results from the proteomics analysis show that dysregulated synaptic translation could be the cause 

of mitochondrial dysfunction. Furthermore, the variant was shown to have an effect on the synaptic 

function of NRXN2α. Therefore, this dissertation provides evidence that mutant NRXN2α could 

result in neurodegeneration and links synaptic dysfunction and mitochondrial dysfunction as two 

aetiologies of PD (Figure 8.2). 
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Figure 8.2: Proposed schema of how the p.G849D variant in NRXN2 can lead to Parkinson’s 

disease. A) At the synaptic cleft, the variant could result in a disruption of the neurexin-neuroligin 

complex which results in a compensatory increase in synaptic transmission. Over time, the reliance 

on these other systems may strain the system, and result in overall disruption of synaptic 

maintenance. B) In the cytoplasm, it has been shown that disrupted mitochondrial translation can 

negatively affect synaptic function (Plum et al., 2020), while we propose that dysregulated 

synaptic translation caused by the variant can result in mitochondrial dysfunction. Overall, the 

resultant dysfunctional mitochondria can lead to an increase in ROS which causes neuronal cell 

death and can ultimately lead to neurodegeneration. Abbreviations: NLGN: neuroligin, NRXN: 

neurexin, ROS: reactive oxygen species. (Image created in BioRender.com)  
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8.7 Study Limitations 

 

For the first part of this study, the main limitation is the inability of WES to accurately detect copy 

number (Fromer et al., 2012; Krumm et al., 2012) and non-coding variants (Botstein and Risch, 

2003). However, WES is well-suited for identifying SNPs in coding regions, as 80-85% of 

pathogenic mutations in genetic disorders to date are exonic (Ku et al., 2017). Indeed, several PD-

associated genes have been identified through familial co-segregation studies as well as WES (Lill, 

2016; Puschmann, 2017; Pillay et al., 2022). 

When using in silico tools for analyses, such as using tools for pathogenicity predictions, each tool 

has their own algorithm which can provide inaccurate results. To this end, whenever we used in 

silico tools, we tried to account for this by comparing results between at least two different tools.  

For the functional studies, the major limitations are the use of an overexpression model in a 

commercialized cell line. In the family, the p.G849D variant in NRXN2α is heterozygous, 

therefore NRXN2α cDNA in a plasmid is only a model in an attempt to understand the possible 

functional impact of the variant. Also, since this study was explorative, we utilized SH-SY5Y  

neuroblastoma cells. While SH-SY5Y cells are a relatively good in vitro model of PD, since they 

are dopaminergic and catecholaminergic (Xicoy et al., 2017), the findings would need to be 

validated using other models of PD, such as a mouse model or induced pluripotent stem cells 

(iPSCs).  

For the MD simulations, a limitation is that we were unable to model the LNS1 domain of 

NRXN2α, as there was insufficient sequence coverage between the target sequence and the 

homologous template (PDBID: 3R05). Since there is no experimental model for the structure of 

human NRXN2α, there was no way to overcome this limitation. However, new technologies, such 

as AlphaFold (Jumper et al., 2021; Varadi et al., 2022), may now enable better modelling of protein 

structures.   
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8.8 Future Work 

 

This study is one of the first, to our knowledge, to potentially implicate NRXN2α and synaptic 

dysfunction in PD. As such, this study has been largely explorative, whereby we attempted to 

elucidate potential mechanisms by which the p.G849D variant could lead to PD. Interestingly, the 

results link both mitochondrial dysfunction and dysregulated synaptic translation and transmission 

to this disorder.  

However, these experiments were performed using SH-SY5Y cells as an in vitro model of PD. 

Therefore, in future, these results would need to be confirmed and validated in better models of 

PD and/or neurodegeneration. To this end, mice models could be used to model PD pathobiology 

in the brain. One could use a mouse model to overexpress NRXN2α with a brain specific promoter 

enabling NRXN2α levels to be overexpressed only in the brain. This would allow for the 

measurement of brain specific NRXN2α transcripts and their effect on neurodegeneration. 

Knockdown of NRXN2α in a mouse model is also an option and would allow definitive validation 

that the protein can lead to neurodegeneration. Alternatively, a transgenic mouse model could be 

developed whereby the p.G849D variant was expressed in a heterozygous manner, as was seen in 

the original family (Sebate et al., 2021). This would provide a more accurate representation of their 

exact disease state. 

Another option would be to use iPSCs developed from fibroblasts taken from family members. 

These iPSCs could be differentiated into dopaminergic neurons and would therefore be 

characteristic of the disease state of the individuals and their genetic backgrounds. Indeed, 

researchers have recently developed a method to differentiate iPSCs in A9 dopaminergic neurons, 

with A9 neurons being the ones found to be most affected in PD (Li et al., 2022). This would 

enable better measurements of the effect of the variant. The iPSCs can also be differentiated into 

multiple other cell lines, enabling a multitude of options for further research. Taken further, iPSCs 

can be used to construct brain organoids which will mimic the neuronal environment whereby the 

disease is present. This would allow experiments which are normally performed in vivo to be 

performed on material obtained from the PD patients.  
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It is noted that while these types of experiments will be better able to determine the role of the 

NRXN2α variant, they would not suffice to solve the pathobiology of PD. Ultimately, what is 

needed is a systems biology approach whereby genetics, transcriptomics and proteomics data 

would be integrated to fully understand the functional consequence of this and other variants. If 

indeed, mitochondrial dysfunction and synaptic dysfunction are linked in neurodegeneration, 

systems biology approaches may be able to elucidate the mechanisms behind this dysfunction. 

These approaches can be used to help decipher underlying mechanisms in a tissue- or even cell-

specific manner in material derived from individuals with PD. This could provide targets for 

further research and/or therapeutic intervention.  

 

8.9 Conclusion 

 

PD is a complex neurodegenerative disorder whose genetic basis is poorly understood in Sub-

Saharan Africa (SSA). Given that population-specific genetic variation can greatly impact disease 

risk, as well as drug metabolism and efficacy (Siddiqi and Koemeter-Cox, 2021), it is important 

to investigate the potential genetic causes in SSA populations. In this study, a novel variant, 

p.G849D in NRXN2, was identified in a South African Afrikaner European family. However, it is 

not sufficient to only identify candidate genes, it is also important to perform functional studies to 

validate them, as they could aid in improving our understanding of the pathways involved in PD. 

Indeed, this exploratory study has shown that synaptic dysfunction and mitochondrial dysfunction 

could be linked and that this may result in neurodegeneration, thereby providing an interesting 

area for future research.  

Therefore, in conclusion, this study has shown that it is important to look at the genetics of PD 

underrepresented populations and to validate potential causative variants with functional studies. 

Indeed, examination of the single variant identified in family ZA253 has potentially linked two 

PD pathologies, synaptic dysfunction and mitochondrial dysfunction, to the onset of 

neurodegeneration. Therefore, these types of studies can provide insight to the mechanisms 

underlying PD. Ultimately this knowledge can help us to painstakingly piece together the complex 

puzzle that is PD. 
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1 SCOPE 

This standard operating procedure defines the processing of Genomic DNA extraction from whole 

blood using the NucleoSpin ® Blood XL kit. 

2 RESPONSIBILITY 

Blood shall be processed only by staff members who are trained in these procedures as well as 

laboratory health and safety procedures for working with human blood. 

3 SAFETY WARNINGS AND PRECAUTIONS 

All human biological material should be considered biohazardous and handled using universal 

clinical and personal safety precautions. 

All chemicals should be considered as potentially hazardous and should be used in accordance 

with the principles of GLP. 

4 BACKGROUND 

• The NucleoSpin® Blood method, allows the preparation of genomic DNA from whole 

blood, cultured cells, serum, plasma, or other body fluids.  

• By incubating the whole blood in a solution containing large amounts of chaotropic ions in 

the presence of Proteinase K, lysis is achieved.  

• Ethanol is then added to the lysate, which creates the ideal conditions for binding of DNA 

to the silica membrane of the corresponding NucleoSpin® Blood Columns. The binding 

process is reversible and specific to nucleic acids.  

• Subsequent washing steps aid in efficiently removing contaminants. Finally, pure genomic 

DNA is eluted under low ionic strength conditions in a slightly alkaline elution buffer. 

• The NucleoSpin® Blood L / XL kits allow purification of highly pure genomic DNA with 

an A260 / A280 ratio between 1.60 and 1.90 and a typical concentration 200–300 ng/μL. 

5 LABORATORY PROCEDURE FOR DNA EXTRACTION 

5.1   Reagents and Equipment 
• NucleoSpin ®Blood XL kit by Macherey-Nagel (Seperations) 

• Water bath/ Air incubator or dry bath able to reach 56°C. 

• 50ml Conical Tubes 

• Variable volume pipettes and Pipette-man 

• 10 and 25ml Serological pipettes  
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• Centrifuge (4,000–4,500 x g)  

• 1.5/2ml Eppendorf tubes  

5.2   Preparations   

 Samples should be processed as soon as possible or stored at 4°C for 1-3 days or -80°C 
(long-term). 

 
NOTE: Do not store samples at -20°C before processing 
 

1) Prepare the Wash Buffer BQ2 by adding the indicated volume of absolute ethanol (Volume 

is indicated on the Wash Buffer BQ2 bottle). Label the bottle with a date to indicate when 

the ethanol was added. Store Wash Buffer BQ2 at room temperature (18–25 °C) for up to 

one year.  

2) Prepare Proteinase K by adding the indicated volume of Proteinase Buffer PB to the 

Lyophilized powder. Proteinase K solution is stable at -20 °C for up to 6 months (Volume 

is indicated on the lyophilized Proteinase K bottle).  

3) Set an incubator or water bath to 56 °C. 

4) Preheat Elution Buffer BE to 70 °C in a dry bath. 

6) For centrifugation, a centrifuge with a swing-out rotor and appropriate buckets capable of 

reaching 4,000–4,500 x g is required.  

5.3 Genomic DNA purification with NucleoSpin® Blood XL  

NOTE: If samples are being stored at -80°C, rapidly defrost at 37°C and keep on ice till 

DNA extraction is started. 

Lyse the Blood Sample 

1) Pipette up to 10 mL blood sample (equilibrated to room temperature) into a 50 mL tube.  

a) Vigorous mixing is important to obtain high yield and purity of DNA. 

2) Add 10 mL Buffer BQ1 and 500µl Proteinase K to the samples and vortex the mixture 

vigorously for 10 sec. 

b) If processing less than 10 mL blood, adjust to one volume of Buffer BQ1 

3) Incubate samples at 56 °C for 20 min. During 5 min intervals vortex samples vigorously. 

c) The lysate should become brownish during incubation with Buffer BQ1.  

d) Let the lysate cool down to RT before adding the ethanol.  
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4) Add 10 mL absolute ethanol to each sample and mix by inverting the tube 10 times (if 

processing less than 10 mL blood, add one volume of ethanol).   

 

NOTE: High local ethanol concentration must be avoided, by immediate mixing after addition. 

 

5) Ensure that the lysate has cooled down to RT (about 10-15 min) before loading it onto the 

columns. Loading of hot lysate may lead to diminished yields. 

Bind DNA 

6) For each preparation, take one NucleoSpin® Blood XL Column placed in a Collection 

Tube and load 15 mL of lysate. Do not moisten the rim of the column. Close the tubes 

with screw caps and centrifuge for 3 min at 3220 x g. 

7) Discard flow-through. Keep the tube with column upright to avoid contact of flow-through 

with the column outlet. Keep NucleoSpin® Blood XL Column in an upright position as 

liquid may pass through the ventilation slots on the rim of the column even if the caps are 

closed. 

8) Load 15 mL of the remaining lysate to the respective NucleoSpin® Blood XL Column. 

Centrifuge for 3 min at 3220 x g. Discard the flow through and place the column back into 

the Collection Tube.  

9) Additional Wash Step. Only perform this step if the blood has been stored for long 

periods at -20° or -80°C, has clots in them or the lysate is very dark brown. 

• Prepare a solution of 1:1:1 with autoclaved water: BQ1: absolute ethanol. 

• Add 10 ml of this buffer to the column. Centrifuge at 3220x g for 3 min. 

Wash silica membrane 

10) 1st wash:  Add 7.5 mL Buffer BQ2 to the NucleoSpin® Blood XL Column. Centrifuge for 

3 min at 3220 x g. It is not necessary to discard the flow-through after the first washing 

step. 

11) 2nd Wash:  Add 7.5 mL Buffer BQ2. Centrifuge for 12 min at 3220 x g. Remove the 

column carefully from the rotor to avoid that flow-through gets in contact with the column 

outlet. The drying of the NucleoSpin® Blood XL Column is performed by prolonged 

centrifugation time (12 min) in the 2nd wash step. 

Stellenbosch University https://scholar.sun.ac.za



 

University of Stellenbosch Faculty of Medicine and Health Sciences, Division Molecular Biology & Human Genetics, PO Box 241, Cape Town, 8000 
    

NOTE: This is a CONTROLLED document.  

DNA Isolation using the NucleoSpin ® Blood XL Kit 

SOP: LM-018 Version #: 3.0 Effective Date: 
26 Nov 2019 

Page 5 of 7 

Elute highly pure DNA 

12) Insert the column into a new NucleoSpin® Blood XL Collection Tube (50 mL) and apply 

1000 μL of preheated Buffer BE (70 °C) directly to the center of the silica membrane.  

13) Incubate at RT for 2 min.  

14) Centrifuge at 3220 x g for 2 min. 

15) Additional elution step: Reapply the 1000 μL of eluant to the membrane. 

16)  Incubate at RT for 2 min. 

17)  Centrifuge at 3220 x g for 2 min. 

6  QUANTIFICATION AND STORAGE OF DNA 
 

1) Incubate the DNA at 4°C overnight 

2) Determine the concentration and purity of the DNA by using a NanodropTM 

Spectrophotometer or the Multiskan. 

a. A ratio of absorbance (A260/280) of 1.8 is used to assess the purity of the DNA and 

a lower ratio would indicate protein contamination. 

b. A260/A230 ratio of 2 is indicative of good quality DNA but a ratio which is 

considerably lower could indicate contamination with salts and solvents, which 

absorbs at A230. 

3) Quantification of dsDNA is determined using the Qubit Fluorometer, when required. 

4) Prepare 2-3 aliquots of DNA 

5) DNA will be stored long term, at 4°C or at -80 °C, depending on the Study requirement. 

7 REFERENCES 

• NucleoSpin® Blood MACHEREY-NAGEL product book -06/2014, Rev14  (www.mn-

net.com) 

•  All technical literature is available on the internet at www.mn-net.com. 

• http://www.mnnet.com/Products/DNAandRNApurification/GenomicDNA/DNAfrombloo

dandbiologicalfluids/NucleoSpinBloodLXL/tabid/1349/language/en-US/Default.aspx 

8 SUPPORTING DOCUMENTS 

• FM-013: Formulation Method for NucleoSpin® Blood XL.  

• LM-016: Qubit Fluorometer Analysis 
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9 AVAILABILITY 

The original signed version of this document is kept by the Quality Assurance Officer. A copy of 

the document can be found on the document management system ALFRESCO. 
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1 SCOPE 

This standard operating procedure defines the processing of site-directed mutagenesis via the Q5® Site-

Directed Mutagenesis kit. Please note that bacterial transformation (LM-029) and plasmid miniprep (LM-

031) may need to be done prior to this technique. 

2 RESPONSIBILITIES 

No specific training or precautions are required for this SOP. 

3 SAFETY WARNINGS AND PRECAUTIONS  

 

No dangerous chemicals or materials are used in this SOP. However, all chemicals and materials 

should be used in accordance with the GLP principles. proper PPE (labcoat and gloves) must be 

worn at all times 

4 CRITICAL PARAMETERS  

 

None 

5 BACKGROUND 

The Q5® Site-Directed Mutagenesis Kit enables rapid, site-specific mutagenesis of double-stranded 

plasmid DNA in less than 2 hours.  

The kit utilizes the robust Q5 Hot Start High-Fidelity DNA Polymerase along with custom-designed 

mutagenic primers to create insertions, deletions and substitutions in a wide variety of plasmids.  

After PCR, the amplified material is added directly to a unique KLD enzyme mix for rapid 

circularization and template removal. 

Transformation into high-efficiency NEB 5-alpha Competent E. coli ensures robust results with 

plasmids up to 20 kb in length. 

 

6 PROCEDURE 

 

6.1 EQUIPMENT, REAGENTS AND CONSUMABLES REQUIRED 

• Q5 Hot Start High-Fidelity 2X Master Mix 

• Forward Primer & Reverse Primer 

• Template DNA (plasmid DNA) 
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• Nuclease-free water 

• 2X KLD Reaction Buffer 

• 10X KLD Enzyme Mix 

• NEB 5-alpha competent Escherichia coli cells 

• LB agar 

• Petri dishes 

• Thermocycler 

 

6.2 PREPARATION OF SOLUTIONS 

• Forward and reverse primers: resuspend primers in dH2O as per manufacturer’s instructions 

• LB agar: 5g Bacto-tryptone, 2.5g yeast extract, 5g NaCl, 7.5g agar in 500 ml dH2O 

• LB agar with selected antibiotic: Autoclave LB agar. Once it has cooled down to ± 55 °C add 

antibiotic to suggested concentration (ampicillin: 25 μg/ml; kanamycin: 100 μg/ml) 

 

6.3 STORAGE OF SOLUTIONS AND MATERIALS 

• Store Q5 Hot Start High-Fidelity 2X Master Mix, 2X KLD Reaction Buffer and 10X KLD 

Enzyme Mix at 4 °C 

• Store nuclease free water at 4 °C 

• Store template DNA at 4 °C 

• Store resuspended forward and reverse primers at 4 °C 

• LB agar plates must be stored at 4 °C  

• NEB 5-alpha E. coli cells are stored at -80 °C when not in use 

 

6.4 PROTOCOL 

 

A. Exponential Amplification (PCR) 

1. Assemble the following reagents in a thin-walled PCR tube: 

  25 μl RXN FINAL CONC. 

Q5 Hot Start High-Fidelity 2X Master Mix 12.5 μl 1X 

10 μM Forward Primer 1.25 μl 0.5 μM 

10 μM Reverse Primer 1.25 μl 0.5 μM 
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Template DNA (1–25 ng/μl) 1 μl 1-25 ng 

Nuclease-free water 9.0 μl   

 

2. Mix reagents by aspiration, then transfer to a thermocycler. 

3. Perform the following cycling conditions: 

STEP TEMP TIME 

Initial Denaturation 98°C 30 seconds 

25 Cycles 98°C 10 seconds 

50–72°C* 10–30 seconds 

72°C 20–30 seconds/kb 

Final Extension 72°C 2 minutes 

Hold 4–10°C   

 

B. Kinase, Ligase & DpnI (KLD) Treatment  

1. Assemble the following reagents: 

  VOLUME FINAL CONC. 

PCR Product 1 μl   

2X KLD Reaction Buffer 5 μl 1X 

10X KLD Enzyme Mix 1 μl 1X 

Nuclease-free Water 3 μl   

 

2. Mix well by pipetting up and down and incubate at room temperature for 5 minutes. 

 

C. Transformation  

1. Thaw a tube of NEB 5-alpha Competent E. coli cells on ice. 

2. Add 5 μl of the KLD mix from Step B above to the tube of thawed cells. Carefully flick the 

tube 4-5 times to mix. Do not vortex. 

3. Place the mixture on ice for 30 minutes. 
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4. Heat shock at 42°C for 30 seconds. 

5. Place on ice for 5 minutes. 

6. Pipette 950 μl of room temperature SOC into the mixture. 

7. Incubate at 37°C for 60 minutes with shaking (250 rpm). 

8. Mix the cells thoroughly by flicking the tube and inverting, then spread 50-100 μl onto a LB 

agar plate with the appropriate antibiotic (ampicillin, kanamycin etc.)  and incubate overnight 

at 37°C.  

 

6.5 GENERAL GUIDELINES 

• For a Q5-optimized annealing temperature of mutagenic primers, please 

use NEBaseChanger™, the online NEB primer design software. For pre-designed, back-to-

back primer sets, a Ta = Tm + 3 rule can be applied, but optimization may be necessary. 

• When plating cells (step 8), it may be necessary (particularly for simple substitution and 

deletion experiments) to make a 10- to 40-fold dilution of the transformation mix in SOC prior 

to plating, to avoid a lawn of colonies. 

7 DEFINITIONS 

 

NEB New England Biolabs 

E. coli Escherichia coli 

PCR polymerase chain reaction 

KLD kinase, ligase and Dpu1 

dH2O distilled water 

LB agar Luria-Bertani agar 

SOC super optimal broth with catabolite repression  

8 REFERENCES 

Q5® Site-Directed Mutagenesis Kit (New England Biolabs)  

 

9 SUPPORTING DOCUMENTS 

 

LM-029: Bacterial Transformation of E. coli DH5α cells 

LM-031: Plasmid Miniprep using the Zyppy™ Plasmid Miniprep Kit 
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10 AVAILABILITY 

 

The original signed version of this document is kept by the Laboratory Manager. A copy of the 

document can be found on the document management system ALFRESCO. 

11 DOCUMENT HISTORY 
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1. SCOPE 
 
The aim of this standard operating procedure (SOP) is to describe the antibody staining steps for 
the fixed (4% PFA or 4% Formaldehyde if PFA was not available) neutrophils for downstream 
confocal microscopy. 
 

2. RESPONSIBILITIES 
 
1) It is the responsibility of the lab personnel to follow this SOP as written. 
2) It is the responsibility of the lab personnel to follow the necessary safety precautions when 

handling blood and related products during this process. 
3) It is the responsibility of lab management to ensure this laboratory procedure is appropriate 

for their intended use and that all personnel involved in this process are appropriately trained 
before processing any project related samples. 
 

3. BACKGROUND 
 

None 
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4. PROCEDURE 

4.1. Antibody Staining Protocol 
 

4.1.1 Antibody Staining METHOD 

4.1.1.1. Reagents and Hardware 
 

• P1000, P200, P20 Pipettes and tips  
• Multi-channel Pipette 
• 15/50ml sterile centrifuge tubes 
• Perm/Quench Buffer (*stock made in lab- see 4.1.1.2 for Perm/Quench Buffer 

preparation) 
• PGAS Buffer (*stock made in lab- see 4.1.1.2 for PGAS Buffer preparation) 
• Poli-L-Lysine 
• PBS 
• Reservoir wells, foil 
• Primary and Secondary Antibodies needed 
• Auramine Stain 
• diH2O 

4.1.1.2. Method for Perm/Quench Buffer preparation 
 
Note:  This makes 1Litre. Wrap in foil and store in the dark. 
 

1) Combine the following reagents:  
• 2.8g Ammonium chloride (NH4Cl) (50mM) 
• 0.2% Saponin (Dissolve 2g in 1L PBS) 

 
2) NH4Cl and Saponin are dissolved in 1L PBS. (Can add 1.4g NH4CL and 1g Saponin to 

500ml PBS for smaller batch- either directly to PBS in manufacturer’s bottle or in sterile 
glass.) 

3) Store in dark and 4°C.  
 

4.1.1.3. Method for PGAS Buffer preparation 
 

Note:  This makes 1Litre. Wrap in foil and store in the dark. 
 

1) Combine the following reagents:  
• 0.2% BSA (20g) 
• 0.2% Saponin (Or 1ml of 20% Saponin {20g in 100ml PBS}) 
• 0.2% NaN3 (Azide) (0.2g or 1ml of 20% NaN3) 
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2) Combine all in 1L PBS and wrap in foil. (Can also make 500ml mixture as above.) 
3) Store in dark.  

 
4.1.1.4. Prepare 1 and 2 antibody cocktails for each staining protocol 

 
Note: Calculate the number of wells needed to stain for each plate and make up the antibody 
cocktails in 10ml sterile centrifuge tube. Wrap tube in foil and keep on ice. Once cocktails made, 
return the antibodies the fridge(4°C). 
 
Staining Protocol 1: 
1° Ab cocktail #1     
 1:500 H2A-H2B (decondensed chromatin)    
 1:500 MRP-8 (calprotectin)    
 in PGAS Buffer (100μl/well)  
2° Ab cocktail #1    
 1:1000  α-mouse-Cy3   
 1:500 α-rabbit-AF647   
 10μg/ml Hoechst 33342   
 in PGAS Buffer (100μl/well)  
  
Staining Protocol 2: 
1° Ab cocktail #2    
 1:500 H2A-H2B (decondensed chromatin)   
 1:200 MMP-8   
 1:200 NE (neutrophil elastase)   
 in PGAS Buffer (100μl/well)   
2° Ab cocktail #2    
 1:500 α-mouse-AF405   
 1:1000 α-rabbit-Cy3   
 1:500 α-goat-PerCP   
 in PGAS Buffer (100μl/well)     

 
 

4.1.1.5. Method for antibody staining 
 

 
1)  Using multi-channel pipette, remove PBS from all wells     
2)    Add 100μl Perm/Quench Buffer to each well using muti-channel pipette and incubate at 

room temperature for 15min     
3) Discard Perm/Quench Buffer using multi-channel pipette     
4) Add 100μl PGAS Buffer to each well using multi-channel pipette and incubate at room 

temperature for 5min     
5) Discard PGAS Buffer using multi-channel pipette     
6) Add 100μl 1°Ab cocktail and incubate overnight at 4°C     
7) Discard 1° Ab cocktail using multi-channel pipette     
8) Wash 2X by adding 100μl PGAS Buffer with multi-channel pipette, pipetting up and down 

twice and then discarding     
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9) Add 100μl 2° Ab cocktail and incubate at room temperature for 1h in the dark  
   
10) Wash 3X by adding 100μl PGAS Buffer with multi-channel pipette, pipetting up and down 

twice and then discarding     
11) Add PGAS Buffer to the brim (about 300μl per well), cover plate with a foil cover, place in 

a zip-lock bag and store at 4°C until ready for microscopy     

4.1.2. Auramine Staining Protocol   
     

1) Discard PGAS Buffer using multi-channel pipette     
2) Add 100μl phenolic auramine and incubate at room temperature for 15min   
3) Discard penolic auramine using multi-channel pipette     
4) Add 100μl diH2O and remove immediately     
5) Add 100μl acid alcohol and incubate at room temperature for 2min     
6) Discard acid alcohol using multi-channel pipette     
7) Add 100μl diH2O and remove immediately     
8) Add 100μl potassium permanganate and incubate at room temperature for 3min  
9) Discard potassium permanganate with multi-channel pipette     
10) Add 100μl diH2O and remove immediately     
11) Add PGAS Buffer to the brim (about 300μl per well), cover plate with a foil cover, place in 

a zip-lock bag and store at 4°C until ready for microscopy     
 

 

5. DEFINITIONS 
 

ºC Degrees Celsius 
diH2O Distilled Water 
mL millilitre 
PBS Phosphate buffered saline 
SOP 
µL 

Standard Operating Procedure 
microlitre 

Ab Antibody 

6. REFERENCES 
 
Allison Seeger-UCT Antibody Staining Protocol 
 

7. SUPPORTING DOCUMENTS 
None 
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8. AVAILABILITY 
 
The original signed version of this document is kept by the Quality Assurance Officer. A copy of 
the document can be found on the document management system ALFRESCO.  
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 1  SCOPE  

This Standard Operating Procedure (SOP) outlines the procedure for growing dermal 
fibroblasts from skin biopsies and culturing of neuroblastoma SH-SY5Y, human kidney 
HEK293 and dermal fibroblast cells.  

 2  RESPONSIBILITIES  

Cell culturing will only be processed and handled by those trained in these specific 
procedures, as well as the general tissue culture laboratory safety and training 
procedures.  

 3  SAFETY WARNINGS AND PRECAUTIONS  

• All human biological material should be considered biohazardous and handled 
using universal clinical and personal safety precautions, and personal protective 
equipment or PPE (where necessary). 

• Always check MSDS or data safety sheets of the listed chemicals before starting a 
protocol. All chemicals should be considered potentially hazardous and should be 
used in accordance with the principles of good laboratory practice (GLP). 

NB: Trypan blue solution is considered a respiratory irritant and suspected carcinogenic, 
please use appropriate PPE (e.g. gloves and face mask).  

 4  BACKGROUND  

• This is an SOP regarding the culturing and handling of different cell types, 
specifically dermal fibroblast, SH-SY5Y neuroblastoma and HEK293 human 
kidney cells. 

• Dermal fibroblasts are cultured from a skin biopsy (will not be discussed here) 
collected from participants by a trained physician/nurse and are considered 
primary, nonimmortalized cells. 

• The SH-SY5Y and HEK293 cells are immortalized human cell lines purchased 
from commercial vendors and originally derived from a human bone marrow 
biopsy and embryonic kidney cells, respectively. 

• Human dermal fibroblasts are often used as ex vivo models of disease especially 
diseases with a genetic contribution, due to the patient fibroblasts carrying 
diseaseassociated mutations. The SH-SY5Y cells are commonly used when 
investigating neurological disorders, due to its neuron-like features after 
differentiation. Finally, HEK293 cells are used in cancer biology and gene 
therapy due its robust growth and ease of transfecting with viral vectors.   
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 5  LABORATORY PROCEDURE FOR CELL CULTURING  

 5.1  EQUIPMENT AND CONSUMABLES REQUIRED  

The materials, equipment and forms listed are recommendations only and 
alternative products as suitable may be substituted for the site-specific task or 
procedure.  

• Cell culture facilities and equipment 
• Cell culture growth media (DMEM + 1% Pen/Strep + 10% FBS) 
• Cell culture freezing media 
• Culture flasks; 25 cm3 (T25) and/or 75 cm3 (T75) flasks, as needed 
• Cryovials (for storage) 
• Cryonic freezing container with isopropanol, e.g. Mr. Frosty (Thermo 

Scientific) or Cool Cell 
• -80 °C freezer 
• Liquid nitrogen facilities 
• Other reagents (see section 5.2) 

 5.2  PREPARATION OF SOLUTIONS  
• Culture Growth Medium (keep at 4 °C): 
A. 500ml DMEM with 4.5g/L glucose & L-glutamine 
B. 10% FBS 
C. 1% Pen/Strep (10 000 U/ml) 

Total volume of 500ml, use 445 ml DMEM, 50ml FBS and 5ml Pen/Strep or if 
15% FBS is required, then use 420ml DMEM, 75ML FBS and 5ml Pen/Strep  

• Freezing Medium (keep at 4 °C): 
A. 90% FBS 
B. 10% DMSO 

In 50ml aliquot, use 45ml FBS and 5ml DMSO  

• Fibroblast Isolation Medium: 
A. 95ml Amniochrome II complete media 
B. 95ml Chang Medium® D 
C. 5ml Non-essential amino acids (NEAA) 
D. 5ml Pen/Strep 

Pre-warm to 37˚C before use. Store at 4˚C.  
• Passive Lysis Buffer 
A. 5ml Tris- HCl (1M, pH 7.4) 
B. 3ml NaCl (5M) 
C. 1% Triton-x 
D. 150μl MgCl2 (1M) 
E. 150ml ddH2O 

Add on day of lysis:  
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F. 0.1% β-mercapto-ethanol 
G. 1% Halt™ Protease and Phosphatase Inhibitor Cocktail (100x) 

• Other reagents 
used: o 
PBS 
o Trypan Blue 
solution o 
Trypsin/EDTA o 
70% Ethanol 

 5.3  TISSUE CULTURING PROTOCOL  

5.3.1 Culturing Human Fibroblasts from the Skin Biopsy  

This section only pertains to dermal fibroblasts.  

1) After the skin punch biopsy, insert the piece of skin into a volume of 300μl 
collagenase (Sigma-Aldrich, United States) per 1ml culture growth media in a 
15ml polypropylene tube. 

2) Incubate the skin biopsy suspension for one hour at 37°C with manual agitation 
in a shaker incubator. 

3) The suspension is centrifuged at 160 x g (1200rpm) for 10 minutes. 
4) The supernatant is discarded while the pellet is resuspended in 5ml of fibroblast 

isolation media. 
5) The suspension is transferred to a CellBind® T25 tissue culture flask (Corning 

Inc., United States). 
6) Culture flasks are incubated at 37°C in a 5% CO2 humidified incubator. 
7) Subculturing of fibroblasts until sufficient confluency and frozen, as 

appropriate. 

5.3.2 Subculturing of Human Fibroblasts, SH-SY5Y and HEK293 Cells  

The subsequent sections 5.3.2 – 5.3.5 pertains to dermal fibroblasts, SH-SY5Y and 
HEK293 cells.  
Growing cells from frozen  

1) Take vial with frozen fibroblasts out of the liquid nitrogen and keep on ice until 
ready to be plated. 

2) Prepare culture growth media and warm media to 37°C. 
3) Once media has warmed, add ~3ml to a T25 culture flask (‘small’) and 1ml 

directly to the vial with frozen cells. 
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4) At this point the vial can be briefly warmed in the water bath, under sterile 
conditions, to ensure that the thawing proceeds as quickly as possible and warm 
media can be added to the vial to thaw completely. 

5) The next 2 steps can be performed depending if the cell line is very robust (e.g. 
HEK cells) 

a. Transfer the contents of the vial to a 15ml centrifuge tube and slowly 
add 510ml warm media to the tube. 

b. Centrifuge for 2min at 252 x g (1500rpm) and discard the supernatant. 
6) Dilute the cell pellet in 1ml media and transfer the contents to the culture flask 

(total volume = ~5ml) and incubate at 37°C and 5% CO2. 
7) Replace the culture media the next day to rid the growth environment of cell 

debris, unattached cells and any traces of DMSO leftover from the freezing 
media. (Note for adherent cells: check cells first & change only if no cells are in 
suspension) 

8) Thereafter, replace the media every 2-4 days. Add media when the levels are 
low, before the weekend or media colour change (~1ml for T25, ~2-3ml for 
T75). 

a. Timeframe: 
i. Dermal fibroblasts = 3-5 days 
ii. SH-SY5Y = 2-3 days 
iii. HEK293 = 1-3 days 

b. Do not replace the media too often as the cells rely on growth factors 
produced into the media. 

Subculturing/splitting cells  

9) At 80-90% confluency cells can be split and seeded into new flasks. This process 
is repeated until required cell concentrations are reached for experimental 
purposes, or until cells are frozen down for stock amplification purposes 

10)Remove media and rinse with PBS to the side rather directly on the cells. 
a. If a T25 flask is used, add 3ml PBS 
b. If a T75 flask, add 5ml PBS. 

11)Remove PBS and add Trypsin/EDTA. 
a. If a T25 flask is used, add 3ml Trypsin/EDTA, 
b. If T75 flask, add 5ml Trypsin/EDTA 

12)Incubate flasks at 37°C for 4-7 minutes or once the cells round up and detach 
from the surface. 

13)Tap the sides to lift remaining cells and examine under microscope to check that 
all cells are detached. If cells remain, incubate for an additional 1-2 minutes or 
use a cell scraper. 

14)Add growth media to inactivate the Trypsin/EDTA and mix gently. 
a. If a T25 flask is used, add 3ml growth medium, 
b. If a T75 flask, add 5ml growth medium 

15)Timeframes between subcultures depends on cell line: 
a. Most cell lines require sub-culturing every 5-7 days. 
b. If longer than 5 days. Change medium every 3-4 days 
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5.3.3 Freezing Down Procedure for Human Fibroblasts, SH-SY5Y and HEK293 
Cells  

1) Ideally, a cryonic freezing container with isopropanol, such as a Mr. Frosty 
(Thermo Scientific), should be used to ensure that the freezing process is as slow 
and gentle as possible. If the Mr. Frosty is at room temperature, put it in the -
20°C freezer during the sample prep for freezing. 

2) Follow steps 10 – 13 under section 5.3.2 (above). 
3) Discard the supernatant and resuspend the cell pellet gently in 1ml warmed 

freezing media (Section 5.2) and transfer cell mixture to a cryonic freezer vial. 
4) Place the vial inside the Mr. Frosty and put the Mr. Frosty in the -80°C freezer. 
5) Cell samples can be removed from the Mr. Frosty the next day and put into 

liquid nitrogen for long-term storage. Alternatively, samples can be left at -80°C 
for shortterm storage (~4 months). 

5.3.4 Seeding Cells for Downstream Experiments  

1) Follow steps 10-13 from section 5.3.2, above. 

2) Add 1-2ml of media to the pellet and dissolve completely. 

3) Count the cell density either using the haemocytometer or automated cell 
counter. 

 a. Counting cells using the haemocytometer: 

The haemocytometer is a specialized glass slide with nine squares of 1 

mm x 1 mm. The four squares at each corner are subdivided into a 4 x 4 

grid and are used for counting most cell types, except very small and 

abundant cell populations (e.g. red blood cells).   

NB: Always clean cover slip and haemocytometer with ethanol before 

and after use.  

• Dissolve an aliquot of the cell suspension in trypan blue solution and add 

this carefully between the haemocytometer and cover slip (e.g. 1 µl of the 

cell suspension to 9 µl of trypan blue to produce a 1:10 ratio). 

• Using a light microscope, count the cells without trypan blue (viable) 

within the four squares at each corner of the haemocytometer. 

• Calculation: 
(Count 1 + Count 2 + Count 3 + Count 4)/4 = Average count of cells for all 
4 squares  

*(Average count x 104) x Dilution factor = Viable count in cells/ml  

(Viable cells/ml) / 1000 = Viable count (in cells/µl)  
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*Note: The value 104 ml refers to the volume between the haemocytometer 

and cover slip. Dilution factor refers to the ratio of the cell suspension to 

trypan blue  

(e.g. for 1:10 one would need to multiply by 10)   

 b. Counting cells using an automated cell counter (refer to protocol EM-003) 

5.3.5 Lysates for Protein and DNA Extraction Experiments  

1) Cell lysates are required to obtain protein or DNA from cultured cells for 
subsequent experiments, including western blot, co-immunoprecipitation, 
genetic mutation confirmatory. 

2) Follow steps 10-13 from section 5.3.2. (Note: Cell flasks or plates can be used 
whichever is appropriate for the desired cell number and experimental 
design.) 

3) After trypsinization, cells are removed using a cell scraper (Note: Maintain 
sterile use of cell scrapers to avoid cross contamination between different 
treatment/study/cell types). 

4) Cell suspension is transferred to a 15ml polypropylene tube containing 3-5ml 
growth media. The suspension is centrifuged for 3min at 1006 x g (3000rpm) 
at 4˚C. 

a. For cells cultured in six-well tissue culture plates, cells treated similarly 
from separate wells are pooled in either 15 or 50ml polypropylene 
tubes. 

5) After the supernatant is discarded, the pellet is resuspended in 1ml of PBS 
and the suspension is transferred to a sterile 2ml microcentrifuge tube. 

6) The 2ml suspension is re-pelleted by centrifugation for 1min at 7245 x g 
(9000rpm) in a microcentrifuge. 

7) After the supernatant is discarded, the cell pellet can either be frozen (-80˚C) 
for future use or lysed as follows. 

8) The pellet is resuspended in 50-300μl ice-cold passive lysis buffer (Section 
5.2), depending on pellet size, and incubated on ice for 30min. 

9) Cells are centrifuged at 15 115 x g (13 000rpm) for 15min at 4˚C in a 
microcentrifuge and the supernatant is transferred to a sterile 1.5ml 
microcentrifuge tube. 

10)Cell lysates are either used immediately for downstream applications or stored 
at 80˚C. 

11)For protein extraction from cell lysates, please refer to the SOPs LM-032 and 
LM033. 

12)For DNA and RNA extraction from cell lysates, please refer to the SOPs LM-
036 and LM-037. 

 5.4  GENERAL GUIDELINES  
• Sterile conditions while working (spraying surfaces with 70% ethanol), 

frequent cleaning of the tissue culture laboratory (70% ethanol, virucidal 
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detergents) and monitoring for mycoplasma infection must be observed to 
ensure stable cell growth and prevent contamination. 

• Always ensure the incubator is set at a temperature of 37°C and 5% CO2 

levels for optimal cell growth. 
• It is good practice to culture sufficient cells to ensure multiple aliquots of 

cells per passage can be stored. 
• It important to note the passage number of cell samples after each 

subculture and when freezing down cells. 
• Centrifugation steps are performed in a 1.5-2L benchtop centrifuge (e.g. 

Heraeus Megafuge 16, ThermoFisher Sci), unless otherwise specified. 
• Media should be red in color (if using standard DMEM media), if media is 

yellow the nutrients are depleted or possible contamination. Replenish with 
fresh media and ensure no visible contamination present. 

• If cells struggle to grow, the possible causes are: 
1. Cells have been passaged too many times/frequent subculturing 
2. Cells are contaminated 
3. Undergone stress during the thawing process or similar mechanical 

stressor 
Possible troubleshooting suggestions:  

1. Use cells of a lower passage number or try to subculture the same 
batch of cells less frequently 

2. Discard and grow up cells from a sterile batch 
3. Increase FBS content in the growth media and/or change media less 

frequently 

 6  STORAGE AND STABILITY  
• Cryopreserve cells in appropriate cryovial tubes, preferably 1.5-2ml. 
• Frozen cells can be temporarily (~4 months) stored at -80 °C or long-term in 

liquid nitrogen. 
• Always freeze cells using freezing media and a cryonic freezing container with 

isopropanol, such as a Mr. Frosty. 
 

 7  DEFINITIONS  
DMEM  Dulbecco’s Modified Eagle Medium  
DMSO  Dimethyl Sulfoxide  
EDTA  Ethylenediaminetetraacetic Acid  
FBS  Fetal Bovine Serum  
PBS  Phosphate Buffered Saline  
Pen/Strep  Penicillin and Streptomycin  

 8  REFERENCES  

Neethling, A. 2017. Functional characterization of sequence variants in leucine-rich 
repeat kinase 2 (LRRK2) and its possible interaction with the translocase of outer 
mitochondrial membrane (TOM) protein complex. [Dissertation]  
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Haylett, WL. 2015. Identification of parkin interactions: Implications for Parkinson’s 
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Skin Biopsies and Culturing Fibroblasts.  

 9  SUPPORTING DOCUMENTS  
• FM-042: Formulation Method for Culturing Eukaryotic Cells 
• EM-003: Counting Fibroblasts Using the Automated Countess 
• LM-032: Intracellular Protein Extraction 
• LM-033: Bradford Assay 
• LM-036: DNA Extraction from Cultured Cells 
• LM-037: RNA Extraction from Cultured Cells 
• TC_LM-008: Transportation of Cells 

10 AVAILABILITY  

The original signed version of this document is kept by the Laboratory Manager. A copy 
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1 SCOPE 

 

This standard operating procedure defines the transfection of plasmids into eukaryotic cells. 

Please refer to bacterial transformation protocol (SOP number: LM-029) before performing 

this SOP.  

 

2 RESPONSIBILITIES 

 

Cells in tissue culture (Wickremaratchi et al.) shall be processed only by students and staff 

members who are trained in these procedures. 

 

3 SAFETY WARNINGS AND PRECAUTIONS  

 

All chemicals should be considered as potentially hazardous and should be used in accordance 

with the principles of GLP. 

All human and animal biological material (e.g. eukaryotic cells and viral vectors) should be 

considered biohazardous and handled using universal clinical and personal safety precautions. 

 

4 BACKGROUND 

 

 This protocol allows for plasmid transfection into HEK293 cells and COS7 cells. 

 Seeding cells at optimized densities for specific sterile cell culture plates and using 

optimized transfection is important to ensure experimental efficiency and 

reproducibility. 

 Serum-free media enables enhanced growth and viability of cells, as well as easier 

downstream processing and better control of physiological responsiveness. 

 

5 PROCEDURE 

 

5.1 EQUIPMENT AND CONSUMABLES REQUIRED 

 

 Sterile cell culture plates (96-, 24- or 6-well) 

 Lipofectamine 2000 (Invitrogen™, United States) 

 DMRIE-C transfection reagent (Invitrogen™, United States) 

 Serum free media 

 Complete media i.e. DMEM (Lonza™) 

 Variable volume pipettes 

 Humidified incubator (37°C, 5% CO2) 
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 1.5/2ml Eppendorf tubes 

 

5.2 PREPARATIONS 

 

 Serum free media (DMEM without FBS) 

 Complete media (DMEM with FBS and P/S)  

 

5.3 STORAGE OF SOLUTIONS 

 

All prepared solutions must be stored until use at 4°C. 

 

5.4 Transfection of plasmid DNA into eukaryotic cells 

 

 

A. HEK293 cells 

 

1) Seed HEK293 cells at optimized density in specific cell culture plates: 

a) 20 000 cells/well for a 96-well plate 

b) 100 000 cells/well for a 24-well plate 

c) 500 000 cells/well for a 6-well plate 

2) Based on the volume of the culture plate, separately incubate optimized volumes of 

Lipofectamine 2000 (Table 1; column 2) and concentrations of plasmid DNA (Table 1 

below; column 4) in a pre-determined volume of serum-free media (SFM) (Table 1; 

columns 3 and 5) for 5 minutes at room temperature.  

a) For example, when using a 96-well plate, separately incubate 0.6μl 

Lipofectamine2000 and 0.4μg plasmid DNA in 20μl SFM. 

 

Table 1 Transfection of HEK293 cells with Lipofectamine 2000 transfection reagent 

 

Plate  Lipo SFM Plasmid 

DNA 

SFM Transfection 

mixture 

volume 

Total well 

volume 

96-well 0.6 μl 20 μl 0.4 μg 20 μl 40 μl  200 μl 

24-well 1 μl 25 μl 0.6 μg 25 μl 50 μl 400 μl 

6-well 8 μl 200 μl 3 μg 200 μl 400 μl 2 ml 

 

3) Combine the two volumes (SFM-Lipofectamine 2000 mixture and SFM-plasmid 

DNA mixture) and gently mix to form transfection mixture. 

4) Incubate the transfection mixture for 20 minutes at room temperature. 

5) Remove a volume equal to the volume of the transfection mixture from each well.  

6) Add transfection mixture dropwise to each well. 

7) Incubate plates at 37°C, 5% CO2 for six hours. 

8) After incubation, remove media and replace with pre-warmed complete media. 

9) Incubate cells overnight. 
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B. COS7 cells 

 

1) Seed COS7 cells at optimized density in specific cell culture plates e.g. 50 000 

cells/well for a 24-well plate. 

2) Incubate 1μg of plasmid DNA and 0.7μl of DMRIE-C transfection reagent separately 

with 75μl of SFM for 30 minutes at room temperature. 

3) After incubation, combine the two volumes and gently mix to form 150μl transfection 

mixture. 

4) Incubate the transfection mixture again for 30 minutes at room temperature. 

5) Remove all the media from the 24-well culture plates and replace with 150μl 

transfection mixture.  

6) Incubate plates at 37°C, 5% CO2 for four to five hours. 

7) Following incubation, remove transfection media and replace with pre-warmed 

complete media.  

8) Incubate overnight at 37°C, 5% CO2. 

 

C. Storage 

1) Plasmid DNA may be stored in Eppendorf tubes at -80°C for later transfection of 

eukaryotic cells. 

 

 

5.5 GENERAL GUIDELINES 

 

Transfections may require optimization for each cell type and plasmid used. 

 

6 DEFINITIONS AND ABBREVIATIONS 

 

HEK-293 cells Human embryonic kidney cells 

COS7 cells African green monkey kidney fibroblast-like cells 

SFM Serum-free media (SFM) is that which does not contain any 

animal-derived growth-promoting serum 

Lipo Lipofectamine 

 

7 REFERENCES 

 

NEETHLING, A. 2017. Functional characterization of sequence variants in leucine-rich 

repeat kinase 2 (LRRK2) and its possible interaction with the translocase of outer 

mitochondrial membrane (TOM) protein complex PhD, Stellenbosch University. 
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9 AVAILABILITY 
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document can be found on the document management system ALFRESCO. 
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1 SCOPE 

 

This SOP describes the differentiation of SH-SY5Y cells using retinoic acid. 

2 RESPONSIBILITIES 

 

Only trained personnel can use this SOP. Standard cell culture training is required to perform 

this assay. Standard biohazardous safety precautions need to be taken.  

3 SAFETY WARNINGS AND PRECAUTIONS  

 

Retinoic acid is a skin irritant. Wear gloves at all times when handling. 

All chemicals and materials should be used in accordance with the GLP principles. Proper 

PPE (labcoat and gloves) must be worn at all times. 

4 CRITICAL PARAMETERS  

 

Cell culture is performed in a Biohazard BSL II cabinet 

5 BACKGROUND 

This method permits the differentiation of neuroblastoma SH-SY5Y cells into a neuronal-like 

phenotype. 

This is done by decreasing serum FBS levels and adding retinoic acid to the cell culture media. 

Retinoic acid induces differentiation by activating the PI3K/ Akt pathway and modulating the 

levels of certain transcription factors. The decreased FBS levels prevent growth hormones 

present in FBS from interrupting this procedure. 

6 PROCEDURE 

 

6.1 EQUIPMENT AND REAGENTS REQUIRED 

• SH-SY5Y cells 

• DMEM 4.5 g/l glucose with L-glutamine 

• FBS 

• P/S 

• D-PBS 

• humidified incubator 
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6.2 PREPARATION OF SOLUTIONS 

• Cell culture media: Add 45 ml FBS and 5 ml P/S to 450 ml DMEM 

• Differentiation media: Add 1.5 ml FBS, 0.5 ml P/S and 10 μM retinoic acid to 48 ml 

DMEM 

• 10 μM retinoic acid: Dissolve retinoic acid powder in DMSO to a concentration of 10 

μM 

 

6.3 STORAGE OF SOLUTIONS AND MATERIALS 

• Store all solutions at 4 °C 

• Store retinoic acid powder at 4 °C 

• Cover retinoic acid with foil as it is sensitive to light 

 

6.4 PROTOCOL 

 

1. Grow SH-SY5Y cells in cell culture media (DMEM with 10% FBS and 1% P/S) for 48 

hours in a humidified incubator (see TC_LM-001) 

2. Wash cells with 1X D-PBS 

3. Add differentiation media (DMEM with 3% FBS, 1% P/S and 10 μM retinoic acid)  

4. Maintain cells in differentiation media for 7 days by changing media when required and 

keeping cells in a humidified incubator   

5. After 7 days the cells are considered fully differentiated and can be used for 

downstream experimentation 

 

6.5 GENERAL GUIDELINES 

 

• Successful differentiation can be observed by the change in cell morphology 

• However, a western blot may need to be performed in order to confirm 

differentiation of the cells by measuring levels of differentiation proteins (see 

LM_034: Western Blotting) 

 

7 DEFINITIONS 

 

DMEM Dulbecco’s Modified Eagle Medium 

FBS foetal bovine serum 

P/S penicillin/ streptomycin solution  
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DMSO dimethyl sulfoxide 

D-PBS Dulbecco’s phosphate buffered saline 

8 REFERENCES 

Cheung Y., Lau WK, Yu M, Lai CS, Yeung S, So K, Chang RC (2009) Effects of all-trans-

retinoic acid on human SH-SY5Y neuroblastoma as an in vitro model of neurotoxicity 

research. NeuroToxicology. 30: 127-135. 
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Appendix II: Chapter 6 Supplementary Tables 

 

Supplementary Table S1: List of unique proteins in wild-type transfected cells 

Protein Name Function 

sp|P0DTE8|AMY1C_HUMAN Alpha-amylase 1C Calcium-binding enzyme that 

initiates starch digestion in the oral 

cavity. 

sp|Q9HD20|AT131_HUMAN Endoplasmic 

reticulum 

transmembrane helix 

translocase 

Endoplasmic reticulum translocase 

required to remove mitochondrial 

transmembrane proteins mistargeted 

to the endoplasmic reticulum . 

sp|O60885|BRD4_HUMAN  Bromodomain-

containing protein 4 

Chromatin reader protein that 

recognizes and binds acetylated 

histones and plays a key role in 

transmission of epigenetic memory 

across cell divisions and 

transcription regulation. 

sp|Q9Y315|DEOC_HUMAN Deoxyribose-

phosphate aldolase 

Catalyses a reversible aldol reaction 

between acetaldehyde and D-

glyceraldehyde 3-phosphate to 

generate 2-deoxy-D-ribose 5-

phosphate. Participates in stress 

granule (SG) assembly. May allow 

ATP production from extracellular 

deoxyinosine in conditions of 

energy deprivation. 

sp|O60610|DIAP1_HUMAN Protein diaphanous 

homolog 1 

 

Actin nucleation and elongation 

factor required for the assembly of 

F-actin structures, such as actin 

cables and stress fibres. 

sp|Q9H4M9|EHD1_HUMAN EH domain-

containing protein 1 

ATP- and membrane-binding 

protein that controls membrane 

reorganization/tubulation upon ATP 

hydrolysis. 

sp|Q96A65|EXOC4_HUMAN Exocyst complex 

component 4 

Component of the exocyst complex 

involved in the docking of exocytic 
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Protein Name Function 

vesicles with fusion sites on the 

plasma membrane. 

sp|Q9UJY5|GGA1_HUMAN ADP-ribosylation 

factor-binding protein 

GGA1 

Plays a role in protein sorting and 

trafficking between the trans-Golgi 

network (TGN) and endosomes. 

sp|P04899|GNAI2_HUMAN Guanine nucleotide-

binding protein G 

Guanine nucleotide-binding 

proteins (G proteins) are involved as 

modulators or transducers in various 

transmembrane signaling systems. 

sp|Q8NBJ5|GT251_HUMAN Procollagen 

galactosyltransferase 

1 

Beta-galactosyltransferase that 

transfers beta-galactose to 

hydroxylysine residues of type I 

collagen. 

sp|Q9BZE4|GTPB4_HUMAN GTP-binding protein 

4 

Involved in the biogenesis of the 

60S ribosomal subunit. 

sp|Q12907|LMAN2_HUMAN Vesicular integral-

membrane protein 

VIP36 

Plays a role as an intracellular lectin 

in the early secretory pathway. 

sp|Q5VWZ2|LYPL1_HUMAN Lysophospholipase-

like protein 

Has depalmitoylating activity 

toward KCNMA1. Able to 

hydrolyse only short chain 

substrates due to its shallow active 

site. 

sp|Q86U44|MTA70_HUMAN N6-adenosine-

methyltransferase 

catalytic subunit 

The METTL3-METTL14 

heterodimer forms a N6-

methyltransferase complex that 

methylates adenosine residues at the 

N(6) position of some RNAs and 

regulates various processes such as 

the circadian clock, differentiation 

of embryonic and hematopoietic 

stem cells, cortical neurogenesis, 

response to DNA damage, 

differentiation of T-cells and 

primary miRNA processing. 

sp|O60287|NPA1P_HUMAN Nucleolar pre-

ribosomal-associated 

protein 1 

Involved in RNA binding. 
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Protein Name Function 

sp|Q8WVJ2|NUDC2_HUMAN NudC domain-

containing protein 2 

May regulate the LIS1/dynein 

pathway by stabilizing LIS1 with 

Hsp90 chaperone. 

sp|O60313|OPA1_HUMAN Dynamin-like 120 

kDa protein, 

mitochondrial 

Dynamin-related GTPase that is 

essential for normal mitochondrial 

morphology by regulating the 

equilibrium between mitochondrial 

fusion and mitochondrial fission. 

sp|O43913|ORC5_HUMAN Origin recognition 

complex subunit 5 

Component of the origin 

recognition complex (ORC) that 

binds origins of replication. 

sp|O15428|PINL_HUMAN Putative PIN1-like 

protein 

Enzyme with peptidyl-prolyl cis-

trans isomerase activity. 

sp|Q9UKA9|PTBP2_HUMAN Polypyrimidine tract-

binding protein 2 

RNA-binding protein which binds 

to intronic polypyrimidine tracts 

and mediates negative regulation of 

exons splicing. 

sp|Q02127|PYRD_HUMAN Dihydroorotate 

dehydrogenase 

Catalyses the conversion of 

dihydroorotate to orotate with 

quinone as electron acceptor. 

sp|P20742|PZP_HUMAN Pregnancy zone 

protein 

Is able to inhibit all four classes of 

proteinases by a unique 'trapping' 

mechanism. 
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Supplementary Table S2: List of unique proteins in mutant transfected cells 

Protein Name Function 

sp|P05067|A4_HUMAN Amyloid-beta precursor 

protein 

Functions as a cell surface 

receptor and performs 

physiological functions on the 

surface of neurons relevant to 

neurite growth, neuronal adhesion 

and axonogenesis. Interaction 

between APP molecules on 

neighbouring cells promotes 

synaptogenesis. 

sp|O94805|ACL6B_HUMAN Actin-like protein 6B Involved in transcriptional 

activation and repression of select 

genes by chromatin remodelling 

(alteration of DNA-nucleosome 

topology). 

sp|O60678|ANM3_HUMAN Protein arginine N-

methyltransferase 3 

Protein-arginine N-

methyltransferase that catalyses 

both the monomethylation and 

asymmetric dimethylation of the 

guanidino nitrogens of arginine 

residues in target proteins, and 

therefore falls into the group of 

type I methyltransferase. May 

regulate retinoic acid synthesis 

and signaling by inhibiting 

ALDH1A1 retinal dehydrogenase 

activity. 

sp|Q13873|BMPR2_HUMAN Bone morphogenetic 

protein receptor type-2 

On ligand binding, forms a 

receptor complex consisting of 

two type II and two type I 

transmembrane serine/threonine 

kinases. Type II receptors 

phosphorylate and activate type I 

receptors which 

autophosphorylate, then bind and 

activate SMAD transcriptional 

regulators. 
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sp|Q15059|BRD3_HUMAN Bromodomain-

containing protein 3 

Chromatin reader that recognizes 

and binds hyperacetylated 

chromatin and plays a role in the 

regulation of transcription, 

probably by chromatin 

remodelling and interaction with 

transcription factors. Regulates 

transcription by promoting the 

binding of the transcription factor 

GATA1 to its targets. 

sp|Q9HC52|CBX8_HUMAN Chromobox protein 

homolog 8 

Component of a Polycomb group 

(PcG) multiprotein PRC1-like 

complex, a complex class 

required to maintain the 

transcriptionally repressive state 

of many genes, including Hox 

genes, throughout development. 

PcG PRC1 complex acts via 

chromatin remodelling and 

modification of histones; it 

mediates monoubiquitination of 

histone H2A 'Lys-119', rendering 

chromatin heritably changed in its 

expressibility. 

sp|Q96CT7|CC124_HUMAN Coiled-coil domain-

containing protein 124 

Required for proper progression 

of late cytokinetic stages. 

sp|O76031|CLPX_HUMAN ATP-dependent Clp 

protease ATP-binding 

subunit clpX-like, 

mitochondrial 

ATP-dependent specificity 

component of the Clp protease 

complex. Targets specific 

substrates for degradation by the 

Clp complex. 

sp|Q5JTJ3|COA6_HUMAN Cytochrome c oxidase 

assembly facto 6 

homolog 

Involved in the maturation of the 

mitochondrial respiratory chain 

complex IV subunit MT-

CO2/COX2. Thereby, may 

regulate early steps of complex IV 

assembly. 

sp|P67870|CSK2B_HUMAN Casein kinase II subunit 

beta 

Regulatory subunit of casein 

kinase II/CK2. As part of the 
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kinase complex regulates the 

basal catalytic activity of the 

alpha subunit a constitutively 

active serine/threonine-protein 

kinase that phosphorylates a large 

number of substrates containing 

acidic residues C-terminal to the 

phosphorylated serine or 

threonine. 

sp|Q13616|CUL1_HUMAN Cullin-1 Core component of multiple 

cullin-RING-based SCF (SKP1-

CUL1-F-box protein) E3 

ubiquitin-protein ligase 

complexes, which mediate the 

ubiquitination of proteins 

involved in cell cycle progression, 

signal transduction and 

transcription. 

sp|O60231_DHX16_HUMAN Pre-mRNA-spicing 

factor ATP-dependent 

RNA helicase DHX16 

Required for pre-mRNA splicing 

as component of the spliceosome. 

sp|P09884|DPOLA_HUMAN DNA polymerase alpha 

catalytic subunit 

Catalytic subunit of the DNA 

polymerase alpha complex (also 

known as the alpha DNA 

polymerase-primase complex) 

which plays an essential role in 

the initiation of DNA synthesis. 

sp|Q5T1H1|EYS_HUMAN Protein eyes shut 

homology 

Required to maintain the integrity 

of photoreceptor cells. 

sp|Q8WXD5|GEMI6_HUMAN Gem-associated protein 

6 

The SMN complex catalyses the 

assembly of small nuclear 

ribonucleoproteins (snRNPs), the 

building blocks of the 

spliceosome, and thereby plays an 

important role in the splicing of 

cellular pre-mRNAs. 

sp|Q9H3K2|GHITM_HUMAN Growth hormone-

inducible 

transmembrane protein 

Required for the mitochondrial 

tubular network and cristae 
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organization. Involved in 

apoptotic release of cytochrome c. 

sp|P34931|HS71L_HUMAN Heat shock 70 kDa 

protein 1-like 

Molecular chaperone implicated 

in a wide variety of cellular 

processes, including protection of 

the proteome from stress, folding 

and transport of newly 

synthesized polypeptides, 

activation of proteolysis of 

misfolded proteins and the 

formation and dissociation of 

protein complexes. Plays a pivotal 

role in the protein quality control 

system, ensuring the correct 

folding of proteins, the re-folding 

of misfolded proteins and 

controlling the targeting of 

proteins for subsequent 

degradation. 

sp|Q9NX55|HYPK_HUMAN Huntingtin-interacting 

protein K 

Component of several N-terminal 

acetyltransferase complexes. 

sp|Q9HA64|KT3K_HUMAN Ketosamine-3-kinase Ketosamine-3-kinase involved in 

protein deglycation by mediating 

phosphorylation of ribuloselysine 

and psicoselysine on glycated 

proteins, to generate 

ribuloselysine-3 phosphate and 

psicoselysine-3 phosphate, 

respectively. Ribuloselysine-3 

phosphate and psicoselysine-3 

phosphate adducts are unstable 

and decompose under 

physiological conditions. 

sp|Q9H9P8|L2HDH_HUMAN L-2-hydroxyglutarate 

dehydrogenase, 

mitochondrial 

Mitochondrial enzyme with (S)-2-

hydroxy-acid oxidase activity and 

2-hydroxyglutarate 

dehydrogenase activity. 

sp|Q9NX58|LYAR_HUMAN Cell growth-regulating 

nucleolar protein 

Plays a role in the maintenance of 

the appropriate processing of 
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47S/45S pre-rRNA to 32S/30S 

pre-rRNAs and their subsequent 

processing to produce 18S and 

28S rRNAs. Also acts at the level 

of transcription regulation. 

sp|Q9H0A0|NAT10_HUMAN RNA cytidine 

acetyltransferase 

RNA cytidine acetyltransferase 

that catalyses the formation of 

N(4)-acetylcytidine (ac4C) 

modification on mRNAs, 18S 

rRNA and tRNAs. Catalyses ac4C 

modification of a broad range of 

mRNAs, enhancing mRNA 

stability and translation. 

sp|O00712|NFIB_HUMAN Nuclear factor 1 B-type Transcriptional activator of 

GFAP, essential for proper brain 

development. 

sp|Q9BVI4|NOC4L_HUMAN Nucleolar complex 

protein 4 homology 

Involved in RNA binding. 

sp|Q96P11|NSUN5_HUMAN 28s rRNA (cytosine-

C(5))-methyltransferase 

S-adenosyl-L-methionine-

dependent methyltransferase that 

specifically methylates the C(5) 

position of cytosine 3782 

(m5C3782) in 28S rRNA. 

m5C3782 promotes protein 

translation without affecting 

ribosome biogenesis and fidelity. 

sp|P13674|P4HA1_HUMAN Prolyl 4-hydroxylase 

subunit alpha-1 

Catalyses the post-translational 

formation of 4-hydroxyproline in 

-Xaa-Pro-Gly- sequences in 

collagens and other proteins. 

sp|P51003|PAPOA_HUMAN Poly(A) polymerase 

alpha 

Polymerase that creates the 3'-

poly(A) tail of mRNAs. Also 

required for the 

endoribonucleolytic cleavage 

reaction at some polyadenylation 

sites. 

sp|Q9NTI5|PDS5B_HUMAN Sister chromatid 

cohesion protein PDS5 

homolog B 

Regulator of sister chromatid 

cohesion in mitosis which may 

stabilize cohesin complex 
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association with chromatin. May 

couple sister chromatid cohesion 

during mitosis to DNA 

replication. Cohesion ensures that 

chromosome partitioning is 

accurate in both meiotic and 

mitotic cells and plays an 

important role in DNA repair. 

sp|Q63HM9|PLCX3_HUMAN PI-PLC X domain-

containing protein 3 

Enzyme with phosphoric diester 

hydrolase activity. 

sp|Q86TP1|PRUN1_HUMAN Exopolyphosphastase 

PRUNE1 

Phosphodiesterase (PDE) that has 

higher activity toward cAMP than 

cGMP, as substrate. Plays a role 

in cell proliferation, migration, 

and differentiation, and acts as a 

negative regulator of NME1. 

sp|Q15269|PWP2_HUMAN Periodic tryptophan 

protein 2 homology 

Involved in RNA binding. 

sp|P20338|RAB4A_HUMAN Ras-related protein 

Rab-4A 

Small GTPase which cycles 

between an active GTP-bound 

and an inactive GDP-bound state. 

Involved in protein transport and 

in vesicular traffic. 

sp|Q9H5N1|RABE2_HUMAN Rab GTPase-binding 

effector protein 2 

Plays a role in membrane 

trafficking and in homotypic early 

endosome fusion. 

sp|P35251|RFC1_HUMAN Replication factor C 

subunit 1 

The elongation of primed DNA 

templates by DNA polymerase 

delta and epsilon requires the 

action of the accessory proteins 

PCNA and activator 1. This 

subunit binds to the primer-

template junction. 

sp|P19388|RPAB1_HUMAN DNA-directed RNA 

polymerases I, II, and 

III subunit RPABC1 

DNA-dependent RNA 

polymerase catalyses the 

transcription of DNA into RNA 

using the four ribonucleoside 

triphosphates as substrates. 

Common component of RNA 
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polymerases I, II and III which 

synthesize ribosomal RNA 

precursors, mRNA precursors and 

many functional non-coding 

RNAs, and small RNAs, such as 

5S rRNA and tRNAs, 

respectively. 

sp|Q9Y399}RT02_HUMAN 28S ribosomal protein 

S2, mitochondrial 

Required for mitoribosome 

formation and stability, and 

mitochondrial translation. 

sp|Q9UBV2|SE1L1_HUMAN Protein sel-1 homolog 1 Plays a role in the endoplasmic 

reticulum quality control (ERQC) 

system also called ER-associated 

degradation (ERAD) involved in 

ubiquitin-dependent degradation 

of misfolded endoplasmic 

reticulum proteins. 

sp|Q8WVK2|SNR27_HUMAN U4/U6.U5 small 

nuclear 

ribonucleoprotein 27 

kDa protein 

May play a role in mRNA 

splicing. 

sp|P08240|SRPRA_HUMAN Signal recognition 

particle receptor 

subunit alpha 

Component of the signal 

recognition particle (SRP) 

complex receptor (SR). Ensures, 

in conjunction with the SRP 

complex, the correct targeting of 

the nascent secretory proteins to 

the endoplasmic reticulum 

membrane system. 

sp|Q13033|STRN3_HUMAN Striatin-3 Binds calmodulin in a calcium 

dependent manner. May function 

as scaffolding or signaling 

protein. 

sp|O60220|TIM8A_HUMAN Mitochondrial import 

inner membrane 

translocase subunit  

Tim8 A 

Mitochondrial intermembrane 

chaperone that participates in the 

import and insertion of some 

multi-pass transmembrane 

proteins into the mitochondrial 

inner membrane. 
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sp|Q56UQ5|TPT1L_HUMAN TPT1-lik protein Involved in calcium ion binding. 

sp|O75152|ZC11A_HUMAN Zinc finger CCCH 

domain-containing 

protein 11A 

RNA-binding protein that 

interacts with purine-rich 

sequences and is involved in 

nuclear mRNA export; probably 

mediated by association with the 

TREX complex. 

sp|Q96ME7|ZN512_HUMAN Zinc finger protein 512 May be involved in 

transcriptional regulation. 
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Supplementary Table S3: List of unique proteins in non-transfected cells 

Protein Name Function 

sp|Q9ULX6|AKP8L_HUMAN A-kinase anchor 

protein 8-like 

Could play a role in constitutive 

transport element (CTE)-mediated 

gene expression by association 

with DHX9. 

sp|Q75179|ANR17_HUMAN Ankyrin repeat 

domain-containing 

protein 2 

Could play pivotal roles in cell 

cycle and DNA regulation. 

sp|Q6PL18|ATAD2_HUMAN ATPase family AAA 

domain-containing 

protein 2 

May be a transcriptional 

coactivator of the nuclear receptor 

ESR1 required to induce the 

expression of a subset of oestradiol 

target genes, such as CCND1, 

MYC and E2F1. 

sp|P55957|BID_HUMAN BH3-interacting 

domain death agonist 

Induces caspases and apoptosis . 

sp|Q8WUQ7|CATIN_HUMAN Cactin Involved in the regulation of innate 

immune response. Acts as negative 

regulator of Toll-like receptor, 

interferon-regulatory factor (IRF) 

and canonical NF-kappa-B 

signaling pathways. 

sp|P09669|COX6C_HUMAN Cytochrome c oxidase 

subunit 6C 

Component of the cytochrome c 

oxidase, the last enzyme in the 

mitochondrial electron transport 

chain which drives oxidative 

phosphorylation. 

sp|Q9Y4B6|DCAF1_HUMAN DDB1- and CUL4-

associated factor 1 

Acts both as a substrate 

recognition component of E3 

ubiquitin-protein ligase complexes 

and as an atypical 

serine/threonine-protein kinase, 

playing key roles in various 

processes such as cell cycle, 

telomerase regulation and histone 

modification. 

sp|Q16698|DECR_HUMAN 2,4-dienoyl-CoA 

reductase [(3E)-enoyl-

Auxiliary enzyme of beta-

oxidation. It participates in the 
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CoA-producing], 

mitochondrial 

metabolism of unsaturated fatty 

enoyl-CoA esters having double 

bonds in both even- and odd-

numbered positions in 

mitochondria. 

sp|Q01780|EXOSX_HUMAN Exosome component 

10 

Putative catalytic component of 

the RNA exosome complex which 

has 3'->5' exoribonuclease activity 

and participates in a multitude of 

cellular RNA processing and 

degradation events. 

sp|P23142|FBLN1_HUMAN Fibulin-1 Incorporated into fibronectin-

containing matrix fibres. May play 

a role in cell adhesion and 

migration along protein fibres 

within the extracellular matrix 

(ECM). 

sp|Q8TAE8|G45IP_HUMAN Growth arrest and 

DNA damage-

inducible proteins-

interacting protein 1  

Acts as a negative regulator of G1 

to S cell cycle phase progression 

by inhibiting cyclin-dependent 

kinases. 

sp|Q2TB90|HKDC1_HUMAN Hexokinase HKDC1 Catalyses the phosphorylation of 

hexose to hexose 6-phosphate, 

although at very low level 

compared to other hexokinases. 

Involved in glucose homeostasis 

and hepatic lipid accumulation. 

sp|Q9BW19|KIFC1_HUMAN Kinesin-like protein 

KIFC1 

Minus end-directed microtubule-

dependent motor required for 

bipolar spindle formation. 

sp|P05771|KPCB_HUMAN Protein kinase C beta 

type 

Calcium-activated, phospholipid- 

and diacylglycerol (DAG)-

dependent serine/threonine-protein 

kinase involved in various cellular 

processes such as regulation of the 

B-cell receptor (BCR) 

signalosome, oxidative stress-

induced apoptosis, androgen 

receptor-dependent transcription 
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regulation, insulin signaling and 

endothelial cells proliferation. 

sp|Q9Y4Y9|LSM5_HUMAN U6 snRNA-associated 

Sm-like protein LSm5 

Plays role in pre-mRNA splicing 

as component of the U4/U6-U5 tri-

snRNP complex that is involved in 

spliceosome assembly, and as 

component of the precatalytic 

spliceosome (spliceosome B 

complex). 

sp|Q86UE4|LYRIC_HUMAN Protein LYRIC Down-regulates SLC1A2/EAAT2 

promoter activity when expressed 

ectopically. Activates the nuclear 

factor kappa-B (NF-kappa-B) 

transcription factor. 

sp|Q96S90|LYSM1_HUMAN LysM and putative 

peptidoglycan-

binding domain-

containing protein 1 

Enables protein binding. 

sp|Q9NQX4|MYO5C_HUMAN Unconventional 

myosin-Vc 

May be involved in transferrin 

trafficking. Likely to power actin-

based membrane trafficking in 

many physiologically crucial 

tissues. 

sp|Q9H1E3|NUCKS_HUMAN Nuclear ubiquitous 

casein and cyclin-

dependent kinase 

substrate 1 

Chromatin-associated protein 

involved in DNA repair by 

promoting homologous 

recombination (HR). 

sp|P50479|PDLI4_HUMAN PDZ and LIM domain 

protein 4 

Suppresses SRC activation by 

recognizing and binding to active 

SRC and facilitating PTPN13-

mediated dephosphorylation of 

SRC 'Tyr-419' leading to its 

inactivation. Inactivated SRC 

dissociates from this protein 

allowing the initiation of a new 

SRC inactivation cycle. Involved 

in reorganization of the actin 

cytoskeleton. 
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sp|O00541|PESC_HUMAN Pescadillo homolog Component of the PeBoW 

complex, which is required for 

maturation of 28S and 5.8S 

ribosomal RNAs and formation of 

the 60S ribosome. 

sp|P50336|PPOX_HUMAN Protoporphyrinogen 

oxidase  

Catalyses the 6-electron oxidation 

of protoporphyrinogen-IX to form 

protoporphyrin-IX. 

sp|P48634|PRC2A_HUMAN Protein PRRC2A May play a role in the regulation 

of pre-mRNA splicing. 

sp|Q15397|PUM3_HUMAN Pumilio homolog 3 Inhibits the poly(ADP-

ribosyl)ation activity of PARP1 

and the degradation of PARP1 by 

CASP3 following genotoxic stress. 

sp|Q6DKI1|RL7L_HUMAN 60S ribosomal protein 

L7-like 1 

Structural constituent of ribosome, 

involved in RNA binding. 

sp|Q13084|RM28_HUMAN 39S ribosomal protein 

L28, mitochondrial 

Structural constituent of ribosome, 

involved in RNA binding. 

sp|P62841|RS15_HUMAN 40S ribosomal protein 

S15 

Structural constituent of ribosome, 

involved in RNA binding, DNA 

binding, MDM2/MDM4 family 

protein binding, ubiquitin ligase 

inhibitor activity. 

sp|Q9NP81|SYSM_HUMAN Serine—tRNA ligase, 

mitochondrial 

Catalyses the attachment of serine 

to tRNA(Ser). 

sp|O15164|TIF1A_HUMAN Transcription 

intermediary factor 1-

alpha 

Transcriptional coactivator that 

interacts with numerous nuclear 

receptors and coactivators and 

modulates the transcription of 

target genes. 

sp|Q08AM6|VAC14_HUMAN Protein VAC14 

homolog 

Scaffold protein component of the 

PI(3,5)P2 regulatory complex 

which regulates both the synthesis 

and turnover of 

phosphatidylinositol 3,5-

bisphosphate (PtdIns(3,5)P2). 

sp|QWIWA0|WDR75_HUMAN WD repeat-containing 

protein 75 

Ribosome biogenesis factor. 

Involved in nucleolar processing 

of pre-18S ribosomal RNA. 
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Required for optimal pre-

ribosomal RNA transcription by 

RNA polymerase I. 
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Protein Name Function 

sp|Q96IU4|ABHEB_HUMAN Protein ABHD14B Has hydrolase activity 

towards p-nitrophenyl 

butyrate (in vitro). May 

activate transcription. 

sp|Q6ZN18|AEBP2_HUMAN Zinc finger protein AEBP2 Acts as an accessory subunit 

for the core Polycomb 

repressive complex 2 

(PRC2), which mediates 

histone H3K27 (H3K27me3) 

trimethylation on chromatin 

leading to transcriptional 

repression of the affected 

target gene. 

sp|P43652|AFAM_HUMAN Afamin Functions as carrier for 

hydrophobic molecules in 

body fluids. Essential for the 

solubility and activity of 

lipidated Wnt family 

members. 

sp|Q8TD16|BICD2_HUMAN Protein bicaudal D homolog 

2 

Acts as an adapter protein 

linking the dynein motor 

complex to various cargos 

and converts dynein from a 

non-processive to a highly 

processive motor in the 

presence of dynactin. 

sp|Q8TDN6|BRX1_HUMAN Ribosome biogenesis protein 

BRX1 homolog 

Required for biogenesis of 

the 60S ribosomal subunit. 

sp|Q08554|DSC1_HUMAN Desmocollin-1 Component of intercellular 

desmosome junctions. 

Involved in the interaction of 

plaque proteins and 

intermediate filaments 

mediating cell-cell adhesion. 

sp|O75477|ERLN1_HUMAN Erlin-1 Component of the 

ERLIN1/ERLIN2 complex 

which mediates the 
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endoplasmic reticulum-

associated degradation 

(ERAD) of inositol 1,4,5-

trisphosphate receptors 

(IP3Rs). 

sp|Q5T3I0|GPTC4_HUMAN G patch domain-containing 

protein 4 

Involved in the regulation of 

cell growth and nucleolar 

structure. 

sp|P07203|GPX1_HUMAN Glutathione peroxidase 1 Protects the haemoglobin in 

erythrocytes from oxidative 

breakdown. 

sp|P02008|HBAZ_HUMAN Haemoglobin subunit zeta The zeta chain is an alpha-

type chain of mammalian 

embryonic haemoglobin. 

sp|P02042|HBD_HUMAN Haemoglobin subunit delta Involved in oxygen transport 

from the lung to the various 

peripheral tissues. 

sp|Q9Y3E1|HDGR3_HUMAN Hepatoma-derived growth 

factor-related protein 3 

Enhances DNA synthesis 

and may play a role in cell 

proliferation. 

sp|Q9NP66|HM20A_HUMAN High mobility group protein 

20A 

Plays a role in neuronal 

differentiation as chromatin-

associated protein. 

sp|P19013|K2C4_HUMAN Keratin, type II cytoskeletal 4 Involved in cytoskeleton 

organization, epithelial cell 

differentiation and negative 

regulation of epithelial cell 

proliferation. 

sp|Q8N1N4|K2C78_HUMAN Keratin, type II cytoskeletal 

78 

Protein with an intermediate 

filament domain. Keratins 

are the major structural 

proteins in epithelial cells. 

sp|Q13554|KCC2B_HUMAN Calcium/calmodulin-

dependent protein kinase 

type II subunit beta 

Calcium/calmodulin-

dependent protein kinase that 

functions autonomously after 

Ca(2+)/calmodulin-binding 

and autophosphorylation, 

and is involved in dendritic 

spine and synapse formation, 
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neuronal plasticity, and 

regulation of sarcoplasmic 

reticulum Ca(2+) transport in 

skeletal muscle. 

sp|Q16626|MEA1_HUMAN Male-enhanced antigen 1 May play an important role 

in spermatogenesis and/or 

testis development. 

sp|Q9UHG2|PCS1N_HUMAN ProSAAS May function in the control 

of the neuroendocrine 

secretory pathway. 

sp|A2A3N6|PIPSL_HUMAN Putative PIP5K1A and 

PSMD4-like protein 

Has negligible PIP5 kinase 

activity. Binds to 

ubiquitinated proteins. 

sp|P35813|PPM1A_HUMAN Protein phosphatase 1A Enzyme with a broad 

specificity. Negatively 

regulates TGF-beta signaling 

through dephosphorylating 

SMAD2 and SMAD3, 

resulting in their dissociation 

from SMAD4, nuclear export 

of the SMADs and 

termination of the TGF-beta-

mediated signaling. 

sp|P06702|S10A9_HUMAN Protein S100-A9 S100A9 is a calcium- and 

zinc-binding protein which 

plays a prominent role in the 

regulation of inflammatory 

processes and immune 

response. 

sp|Q5PRF9|SMAG2_HUMAN Protein Smaug homolog 2 Has transcriptional repressor 

activity. Overexpression 

inhibits the transcriptional 

activities of AP-1, p53/TP53 

and CDKN1A. 

sp|Q9H4B7|TBB1_HUMAN Tubulin beta-1 chain Tubulin is the major 

constituent of microtubules. 

sp|Q5QJE6|TDIF2_HUMAN Deoxynucleotidyltransferase 

terminal-interacting protein 2 

Regulates the transcriptional 

activity of DNTT and ESR1. 
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May function as a chromatin 

remodelling protein. 

sp|Q96EK4|THA11_HUMAN THAP domain-containing 

protein 11 

Transcriptional repressor that 

plays a central role for 

embryogenesis and the 

pluripotency of embryonic 

stem (ES) cells. 

sp|Q86VY4|TSYL5_HUMAN Testis-specific T-encoded-

like protein 5 

Involved in modulation of 

cell growth and cellular 

response to gamma radiation 

probably via regulation of 

the Akt signaling pathway. 

sp|Q9H832|UBE2Z_HUMAN Ubiquitin-conjugating 

enzyme E2 Z 

Catalyses the covalent 

attachment of ubiquitin to 

other proteins. 

sp|P16989|YBOX3_HUMAN Y-box-binding protein 3 Binds to the GM-CSF 

promoter. Seems to act as a 

repressor. May have a role in 

translation repression. 
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Supplementary Table S5 : List of proteins differentially abundant between wild-type 

transfected and non-transfected cells 

Fold Change Protein Name Function 

Less Abundant 

-1.8566911 sp|Q9Y3U8|RL36_HUMAN 60S ribosomal protein 

36 

Component of the large 

ribosomal subunit. 

-1.6788144 sp|Q86Y82|STX12_HUMAN  Syntaxin-12 SNARE that acts to 

regulate protein transport 

between late endosomes 

and the trans-Golgi 

network. The SNARE 

complex containing STX6, 

STX12, VAMP4 and 

VTI1A mediates vesicle 

fusion 

-1.121847 sp|Q15637|SF01_HUMAN Splicing factor 1 Necessary for the ATP-

dependent first step of 

spliceosome assembly. 

Binds to the intron branch 

point sequence (BPS) 5'-

UACUAAC-3' of the pre-

mRNA. May act as 

transcription repressor. 

-1.0410199 sp|Q9Y520|PRC2C_HUMA

N  

Protein PRRC2C Required for efficient 

formation of stress 

granules. 

-0.74689996 sp|P38159|RBMX_HUMAN  RNA-binding motif 

protein, X 

chromosome 

RNA-binding protein that 

plays several roles in the 

regulation of pre- and post-

transcriptional processes. 

Implicated in tissue-specific 

regulation of gene 

transcription and alternative 

splicing of several pre-

mRNAs. 

-0.6849414 sp|P23588|IF4B_HUMAN  Eukaryotic translation 

initiation factor 4B 

Required for the binding of 

mRNA to ribosomes 
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-0.5337738 sp|P53999|TCP4_HUMAN Activated RNA 

polymerase II 

transcriptional 

coactivator p15 

General coactivator that 

functions cooperatively 

with TAFs and mediates 

functional interactions 

between upstream 

activators and the general 

transcriptional machinery. 

May be involved in 

stabilizing the multiprotein 

transcription complex. 

Binds single-stranded 

DNA. 

-0.50896925 sp|P37837|TALDO_HUMA

N  

Transaldolase Transaldolase is important 

for the balance of 

metabolites in the pentose-

phosphate pathway. 

-0.37183204 sp|P78406|RAE1L_HUMAN  mRNA export factor Plays a role in mitotic 

bipolar spindle formation. 

Binds mRNA. May 

function in 

nucleocytoplasmic transport 

and in directly or indirectly 

attaching cytoplasmic 

mRNPs to the cytoskeleton. 

-0.3331039 sp|P62826|RAN_HUMAN  GTP-binding nuclear 

protein Ran 

GTPase involved in 

nucleocytoplasmic 

transport, participating both 

to the import and the export 

from the nucleus of proteins 

and RNAs 

-0.30670425 sp|Q01518|CAP1_HUMAN  Adenylyl cyclase-

associated protein 1 

Directly regulates filament 

dynamics and has been 

implicated in a number of 

complex developmental and 

morphological processes, 

including mRNA 

localization and the 

establishment of cell 

polarity. 
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More Abundant 

0.33976412 sp|P31939|PUR9_HUMAN  Bifunctional purine 

biosynthesis protein 

ATIC 

Bifunctional enzyme that 

catalyzes the last two steps 

of purine biosynthesis 

0.35881603 sp|Q07866|KLC1_HUMAN Kinesin light chain 1 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. 

0.37648672 sp|P11586|C1TC_HUMAN C-1-tetrahydrofolate 

synthase, cytoplasmic 

This protein is involved in 

the pathway 

tetrahydrofolate 

interconversion, which is 

part of One-carbon 

metabolism. 

0.38646522 sp|P27708|PYR1_HUMAN CAD protein This protein is a 'fusion' 

protein encoding four 

enzymatic activities of the 

pyrimidine pathway 

(GATase, CPSase, ATCase 

and DHOase). 

0.3885932 sp|P62495|ERF1_HUMAN Eukaryotic peptide 

chain release factor 

subunit 1 

Directs the termination of 

nascent peptide synthesis 

(translation) in response to 

the termination codons 

UAA, UAG and UGA. 

0.41403818 sp|P69905|HBA_HUMAN Hemoglobin subunit 

alpha 

Involved in oxygen 

transport from the lung to 

the various peripheral 

tissues. 

0.42103648 sp|P50395|GDIB_HUMAN Rab GDP dissociation 

inhibitor beta 

Regulates the GDP/GTP 

exchange reaction of most 

Rab proteins by inhibiting 

the dissociation of GDP 

from them, and the 
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subsequent binding of GTP 

to them. 

0.4262979 sp|P10768|ESTD_HUMAN  S-formylglutathione 

hydrolase 

Serine hydrolase involved 

in the detoxification of 

formaldehyde. 

0.43407574 sp|Q9UBB4|ATX10_HUMA

N  

Ataxin-10 Necessary for the survival 

of cerebellar neurons. 

Induces neuritogenesis by 

activating the Ras-MAP 

kinase pathway. May play a 

role in the maintenance of a 

critical intracellular 

glycosylation level and 

homeostasis. 

0.43839556 sp|Q9Y3I0|RTCB_HUMAN RNA-splicing ligase 

RtcB homolog 

Catalytic subunit of the 

tRNA-splicing ligase 

complex that acts by 

directly joining spliced 

tRNA halves to mature-

sized tRNAs by 

incorporating the precursor-

derived splice junction 

phosphate into the mature 

tRNA as a canonical 3',5'-

phosphodiester. May act as 

an RNA ligase with broad 

substrate specificity and 

may function toward other 

RNAs. 

0.50248647 sp|P02786|TFR1_HUMAN Transferrin receptor 

protein 1 

Cellular uptake of iron 

occurs via receptor-

mediated endocytosis of 

ligand-occupied transferrin 

receptor into specialized 

endosomes. Acts as a lipid 

sensor that regulates 

mitochondrial fusion by 

regulating activation of the 

JNK pathway. 
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0.5164809 sp|P35998|PRS7_HUMAN  26S proteasome 

regulatory subunit 7 

Component of the 26S 

proteasome, a multiprotein 

complex involved in the 

ATP-dependent degradation 

of ubiquitinated proteins. 

0.5284708 sp|P0DN79|CBSL_HUMAN Cystathionine beta-

synthase-like protein 

Hydro-lyase catalyzing the 

first step of the 

transsulfuration pathway, 

where the hydroxyl group 

of L-serine is displaced by 

L-homocysteine in a beta-

replacement reaction to 

form L-cystathionine, the 

precursor of L-cysteine. 

This catabolic route allows 

the elimination of L-

methionine and the toxic 

metabolite L-homocysteine. 

Also involved in the 

production of hydrogen 

sulfide, a gasotransmitter 

with signaling and 

cytoprotective effects on 

neurons. 

0.53512836 sp|P23381|SYWC_HUMAN  Tryptophan--tRNA 

ligase, cytoplasmic 

Regulates ERK, Akt, and 

eNOS activation pathways 

that are associated with 

angiogenesis, cytoskeletal 

reorganization, and shear 

stress-responsive gene 

expression. 

0.54786944 sp|Q99873|ANM1_HUMAN Protein arginine N-

methyltransferase 1 

Arginine methyltransferase 

that methylates (mono and 

asymmetric dimethylation) 

the guanidino nitrogens of 

arginyl residues present in 

proteins such as ESR1, 

histone H2, H3 and H4, 

ILF3, HNRNPA1, 
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HNRNPD, NFATC2IP, 

SUPT5H, TAF15, EWS, 

HABP4 and SERBP1 

0.57735336 sp|Q14141|SEPT6_HUMAN  Septin-6 Filament-forming 

cytoskeletal GTPase. 

Required for normal 

organization of the actin 

cytoskeleton. Involved in 

cytokinesis. 

0.58534056 sp|P14324|FPPS_HUMAN  Farnesyl 

pyrophosphate 

synthase 

Key enzyme in isoprenoid 

biosynthesis which 

catalyzes the formation of 

farnesyl diphosphate (FPP), 

a precursor for several 

classes of essential 

metabolites including 

sterols, dolichols, 

carotenoids, and 

ubiquinones. 

0.59459674 sp|Q9BT78|CSN4_HUMAN COP9 signalosome 

complex subunit 4 

Component of the COP9 

signalosome complex 

(CSN), a complex involved 

in various cellular and 

developmental processes. 

The CSN complex is an 

essential regulator of the 

ubiquitin (Ubl) conjugation 

pathway. 

0.6055922 sp|P21912|SDHB_HUMAN Succinate 

dehydrogenase 

[ubiquinone] iron-

sulfur subunit, 

mitochondrial 

Iron-sulfur protein (IP) 

subunit of succinate 

dehydrogenase (SDH) that 

is involved in complex II of 

the mitochondrial electron 

transport chain and is 

responsible for transferring 

electrons from succinate to 

ubiquinone (coenzyme Q). 

Stellenbosch University https://scholar.sun.ac.za



269 

 

Fold Change Protein Name Function 

0.61219233 sp|P17174|AATC_HUMAN  Aspartate 

aminotransferase, 

cytoplasmic 

Biosynthesis of L-

glutamate from L-aspartate 

or L-cysteine. Important 

regulator of levels of 

glutamate, the major 

excitatory neurotransmitter 

of the vertebrate central 

nervous system. Acts as a 

scavenger of glutamate in 

brain neuroprotection. 

0.61734223 sp|P33992|MCM5_HUMAN  DNA replication 

licensing factor 

MCM5 

Acts as component of the 

MCM2-7 complex (MCM 

complex) which is the 

putative replicative helicase 

essential for 'once per cell 

cycle' DNA replication 

initiation and elongation in 

eukaryotic cells. 

0.6257046 sp|P54577|SYYC_HUMAN  Tyrosine--tRNA 

ligase, cytoplasmic 

Catalyzes the attachment of 

tyrosine to tRNA(Tyr) in a 

two-step reaction: tyrosine 

is first activated by ATP to 

form Tyr-AMP and then 

transferred to the acceptor 

end of tRNA(Tyr). 

0.71930486 sp|P33176|KINH_HUMAN Kinesin-1 heavy chain Microtubule-dependent 

motor required for normal 

distribution of mitochondria 

and lysosomes. 

0.72144926 sp|P31930|QCR1_HUMAN Cytochrome b-c1 

complex subunit 1, 

mitochondrial 

Component of the 

ubiquinol-cytochrome c 

oxidoreductase, a 

multisubunit 

transmembrane complex 

that is part of the 

mitochondrial electron 

transport chain which 

drives oxidative 

phosphorylation. 
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0.7647878 sp|P49257|LMAN1_HUMA

N  

Protein ERGIC-53 Mannose-specific lectin. 

May recognize sugar 

residues of glycoproteins, 

glycolipids, or 

glycosylphosphatidyl 

inositol anchors and may be 

involved in the sorting or 

recycling of proteins, lipids, 

or both. 

0.8274879 sp|P22695|QCR2_HUMAN Cytochrome b-c1 

complex subunit 2, 

mitochondrial 

Component of the 

ubiquinol-cytochrome c 

oxidoreductase, a 

multisubunit 

transmembrane complex 

that is part of the 

mitochondrial electron 

transport chain which 

drives oxidative 

phosphorylation. 

0.88206655 sp|Q06203|PUR1_HUMAN  Amidophosphoribosyl-

transferase 

This protein is involved in 

step 1 of the subpathway 

that synthesizes N(1)-(5-

phospho-D-

ribosyl)glycinamide from 

5-phospho-alpha-D-ribose 

1-diphosphate. This 

subpathway is part of the 

pathway IMP biosynthesis 

via de novo pathway, which 

is itself part of Purine 

metabolism. 

0.8948843 sp|P01023|A2MG_HUMAN Alpha-2-

macroglobulin 

Is able to inhibit all four 

classes of proteinases by a 

unique 'trapping' 

mechanism. 

0.913311 sp|P52788|SPSY_HUMAN Spermine synthase Catalyzes the production of 

spermine from spermidine 

and decarboxylated S-
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adenosylmethionine 

(dcSAM). 

0.93997234 sp|Q15631|TSN_HUMAN Translin DNA-binding protein that 

specifically recognizes 

consensus sequences at the 

breakpoint junctions in 

chromosomal translocations, 

mostly involving 

immunoglobulin (Ig)/T-cell 

receptor gene segments. 

Seems to recognize single-

stranded DNA ends generated 

by staggered breaks occurring 

at recombination hot spots. 

Exhibits both single-stranded 

and double-stranded 

endoribonuclease activity. 

May act as an activator of 

RNA-induced silencing 

complex (RISC) by 

facilitating endonucleolytic 

cleavage of the siRNA 

passenger strand. 

0.9789583 sp|P35222|CTNB1_HUMAN  Catenin beta-1 Key downstream 

component of the canonical 

Wnt signaling pathway. 

1.062929 sp|O94905|ERLN2_HUMAN  Erlin-2 Component of the 

ERLIN1/ERLIN2 complex 

which mediates the 

endoplasmic reticulum-

associated degradation 

(ERAD) of inositol 1,4,5-

trisphosphate receptors 

(IP3Rs) such as ITPR1. 

1.1214811 sp|Q15126|PMVK_HUMAN  Phosphomevalonate 

kinase 

Catalyzes the reversible 

ATP-dependent 

phosphorylation of 

mevalonate 5-phosphate to 

produce mevalonate 

diphosphate and ADP, a 

key step in the mevalonic 
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acid mediated biosynthesis 

of isopentenyl diphosphate 

and other polyisoprenoid 

metabolites. 

1.1282995 sp|O43172|PRP4_HUMAN  U4/U6 small nuclear 

ribonucleoprotein Prp4 

Plays role in pre-mRNA 

splicing as component of 

the U4/U6-U5 tri-snRNP 

complex that is involved in 

spliceosome assembly, and 

as component of the 

precatalytic spliceosome 

(spliceosome B complex). 

1.1322798 sp|Q14165|MLEC_HUMAN Malectin Carbohydrate-binding 

protein with a strong ligand 

preference for Glc2-N-

glycan. May play a role in 

the early steps of protein N-

glycosylation. 

1.2741292 sp|O94925|GLSK_HUMAN  Glutaminase kidney 

isoform, mitochondrial 

Catalyzes the first reaction 

in the primary pathway for 

the renal catabolism of 

glutamine. Plays a role in 

maintaining acid-base 

homeostasis. Regulates the 

levels of the 

neurotransmitter glutamate, 

the main excitatory 

neurotransmitter in the 

brain. 

1.4723604 sp|P15927|RFA2_HUMAN Replication protein A 

32 kDa subunit 

Plays an essential role both 

in DNA replication and the 

cellular response to DNA 

damage. 

1.7921993 sp|O95251|KAT7_HUMAN Histone 

acetyltransferase 

KAT7 

Catalytic subunit of histone 

acetyltransferase HBO1 

complexes, which 

specifically mediate 

acetylation of histone H3 at 

'Lys-14' (H3K14ac), 
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thereby regulating various 

processes, such as gene 

transcription, protein 

ubiquitination, immune 

regulation, stem cell 

pluripotent and self-renewal 

maintenance, and 

embryonic development. 

2.1607912 sp|Q6DKJ4|NXN_HUMAN Nucleoredoxin Functions as a redox-

dependent negative 

regulator of the Wnt 

signaling pathway, possibly 

by preventing 

ubiquitination of DVL3 by 

the BCR(KLHL12) 

complex. 

2.1607912 sp|O95782|AP2A1_HUMAN  AP-2 complex subunit 

alpha-1 

Component of the adaptor 

protein complex 2 (AP-2). 

Adaptor protein complexes 

function in protein transport 

via transport vesicles in 

different membrane traffic 

pathways. 

2.7564037 sp|P49589|SYCC_HUMAN  Cysteine--tRNA 

ligase, cytoplasmic 

Catalyzes the ATP-

dependent ligation of 

cysteine to tRNA(Cys). 
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Supplementary Table S6 : List of proteins differentially abundant between mutant 

transfected and non-transfected cells 

Fold 

Change 

Protein Name Function 

Less Abundant 

-4.788916 sp|P62249|RS16_HUMAN 40S ribosomal protein 

S16 

Structural constituent of 

ribosome 

-2.5582538 sp|Q9BYD1|RM13_HUMAN 39S ribosomal protein 

L13, mitochondrial 

Structural constituent of 

ribosome 

-1.3551227 sp|Q13505|MTX1_HUMAN Metaxin-1 Involved in transport of 

proteins into the 

mitochondrion. 

-1.1169671 sp|Q9Y3B7|RM11_HUMAN  39S ribosomal protein 

L11, mitochondrial 

Structural constituent of 

ribosome 

-1.0647981 sp|Q9Y263|PLAP_HUMAN Phospholipase A-2-

activating protein 

Plays a role in protein 

ubiquitination, sorting 

and degradation through 

its association with VCP. 

-0.853262 sp|P78406|RAE1L_HUMAN  mRNA export factor Binds mRNA. May 

function in 

nucleocytoplasmic 

transport and in directly 

or indirectly attaching 

cytoplasmic mRNPs to 

the cytoskeleton. 

-0.8214491 sp|Q9C0B1|FTO_HUMAN  Alpha-ketoglutarate-

dependent dioxygenase 

FTO 

RNA demethylase that 

mediates oxidative 

demethylation of 

different RNA species 

and acts as a regulator of 

fat mass, adipogenesis 

and energy homeostasis. 

-0.69306874 sp|P25705|ATPA_HUMAN  ATP synthase subunit 

alpha, mitochondrial 

Mitochondrial membrane 

ATP synthase produces 

ATP from ADP in the 

presence of a proton 

gradient across the 

membrane which is 
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generated by electron 

transport complexes of 

the respiratory chain. 

-0.63297874 sp|P35268|RL22_HUMAN  60S ribosomal protein 

L22 

Structural constituent of 

ribosome. 

-0.6043899 sp|Q01518|CAP1_HUMAN  Adenylyl cyclase-

associated protein 1 

Directly regulates 

filament dynamics and 

has been implicated in a 

number of complex 

developmental and 

morphological processes, 

including mRNA 

localization and the 

establishment of cell 

polarity. 

-0.57859886 sp|P62826|RAN_HUMAN  GTP-binding nuclear 

protein Ran 

GTPase involved in 

nucleocytoplasmic 

transport, participating 

both to the import and the 

export from the nucleus 

of proteins and RNAs. 

-0.5629891 sp|P00505|AATM_HUMAN  Aspartate 

aminotransferase, 

mitochondrial 

Catalyzes the irreversible 

transamination of the L-

tryptophan metabolite L-

kynurenine to form 

kynurenic acid (KA). As 

a member of the malate-

aspartate shuttle, it has a 

key role in the 

intracellular NAD(H) 

redox balance. Is 

important for metabolite 

exchange between 

mitochondria and 

cytosol, and for amino 

acid metabolism. 

-0.5335376 sp|P37837|TALDO_HUMAN  Transaldolase Important for the balance 

of metabolites in the 
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pentose-phosphate 

pathway. 

-0.46492887 sp|P05141|ADT2_HUMAN  ADP/ATP translocase 2 ADP: ATP antiporter that 

mediates import of ADP 

into the mitochondrial 

matrix for ATP synthesis, 

and export of ATP out to 

fuel the cell. 

-0.45635405 sp|P62913|RL11_HUMAN  60S ribosomal protein 

L11 

Component of the 

ribosome, a large 

ribonucleoprotein 

complex responsible for 

the synthesis of proteins 

in the cell. 

-0.44090268 sp|P33993|MCM7_HUMAN  DNA replication 

licensing factor MCM7 

Acts as component of the 

MCM2-7 complex 

(MCM complex) which 

is the putative replicative 

helicase essential for 

'once per cell cycle' DNA 

replication initiation and 

elongation in eukaryotic 

cells. 

-0.4202304 sp|P61247|RS3A_HUMAN 40S ribosomal protein 

S3a 

Structural constituent of 

ribosome. 

-0.3888929 sp|P54819|KAD2_HUMAN Adenylate kinase 2, 

mitochondrial 

Catalyzes the reversible 

transfer of the terminal 

phosphate group between 

ATP and AMP. Plays an 

important role in cellular 

energy homeostasis and 

in adenine nucleotide 

metabolism. 

-0.3642355 sp|P50454|SERPH_HUMAN  Serpin H1 Binds specifically to 

collagen. Could be 

involved as a chaperone 

in the biosynthetic 

pathway of collagen. 
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-0.3314769 sp|P14618|KPYM_HUMAN Pyruvate kinase PKM Glycolytic enzyme that 

catalyzes the transfer of a 

phosphoryl group from 

phosphoenolpyruvate 

(PEP) to ADP, generating 

ATP. 

-0.32553142 sp|P02545|LMNA_HUMAN Prelamin-A/C Lamins are components 

of the nuclear lamina, a 

fibrous layer on the 

nucleoplasmic side of the 

inner nuclear membrane, 

which is thought to 

provide a framework for 

the nuclear envelope and 

may also interact with 

chromatin. 

-0.29833755 sp|P12236|ADT3_HUMAN ADP/ATP translocase 3 ADP: ATP antiporter that 

mediates import of ADP 

into the mitochondrial 

matrix for ATP synthesis, 

and export of ATP out to 

fuel the cell.  

-0.29114786 sp|P39019|RS19_HUMAN  40S ribosomal protein 

S19 

Required for pre-rRNA 

processing and 

maturation of 40S 

ribosomal subunits. 

-0.26152506 sp|P50991|TCPD_HUMAN T-complex protein 1 

subunit delta 

Component of the 

chaperonin-containing T-

complex (TRiC), a 

molecular chaperone 

complex that assists the 

folding of proteins upon 

ATP hydrolysis. 

-0.25640583 sp|P00558|PGK1_HUMAN Phopshoglycerate kinase 

1 

Catalyzes one of the two 

ATP producing reactions 

in the glycolytic pathway 

via the reversible 

conversion of 1,3-
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diphosphoglycerate to 3-

phosphoglycerate. 

-0.2428719 sp|P49368|TCPG_HUMAN  T-complex protein 1 

subunit gamma 

Component of the 

chaperonin-containing T-

complex (TRiC), a 

molecular chaperone 

complex that assists the 

folding of proteins upon 

ATP hydrolysis. 

-0.23416811 sp|P15880|RS2_HUMAN 40S ribosomal protein S2 Structural constituent of 

ribosome. 

-0.23386714 sp|P07741|APT_HUMAN  Adenine 

phosphoribosyltransferase 

Catalyzes a salvage 

reaction resulting in the 

formation of AMP, that is 

energetically less costly 

than de novo synthesis. 

-0.22591352 sp|Q15233|NONO_HUMAN Non-POU domain-

containing octamer-

binding protein 

DNA- and RNA binding 

protein, involved in 

several nuclear processes. 

-0.19289137 sp|P49736|MCM2_HUMAN  DNA replication 

licensing factor MCM2 

Acts as component of the 

MCM2-7 complex 

(MCM complex) which 

is the putative replicative 

helicase essential for 

'once per cell cycle' DNA 

replication initiation and 

elongation in eukaryotic 

cells. 

-0.17863823 sp|P04406|G3P_HUMAN Glyceraldehyde-3-

phosphate dehydrogenase 

Has both glyceraldehyde-

3-phosphate 

dehydrogenase and 

nitrosylase activities, 

thereby playing a role in 

glycolysis and nuclear 

functions, respectively. 

More Abundant 

0.3297178 sp|P50395|GDIB_HUMAN Rab GDP dissociation 

inhibitor beta 

Regulates the GDP/GTP 

exchange reaction of 
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most Rab proteins by 

inhibiting the dissociation 

of GDP from them, and 

the subsequent binding of 

GTP to them. 

0.3308436 sp|Q9NPH2|INO1_HUMAN Inositol-3-phosphate 

synthase 1 

Key enzyme in myo-

inositol biosynthesis 

pathway that catalyzes 

the conversion of glucose 

6-phosphate to 1-myo-

inositol 1-phosphate in a 

NAD-dependent manner. 

0.33607486 sp|P08133|ANXA6_HUMAN  Annexin A6 May associate with 

CD21. May regulate the 

release of Ca2+ from 

intracellular stores. 

0.34007517 sp|P33176|KINH_HUMAN Kinesin-1 heavy chain Microtubule-dependent 

motor required for 

normal distribution of 

mitochondria and 

lysosomes. 

0.40956342 sp|P26639|SYTC_HUMAN Threonine--tRNA ligase 

1, cytoplasmic 

Catalyzes the attachment 

of threonine to 

tRNA(Thr) in a two-step 

reaction. 

0.5068129 sp|P35637|FUS_HUMAN RNA binding protein 

FUS 

DNA/RNA-binding 

protein that plays a role 

in various cellular 

processes such as 

transcription regulation, 

RNA splicing, RNA 

transport, DNA repair 

and damage response. 

0.62208825 sp|Q06203|PUR1_HUMAN  Amidophosphoribosyl-

transferase 

 

 

Involved in a subpathway 

of IMP biosynthesis via 

de novo pathway, which 

is itself part of Purine 

metabolism. 
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0.71757966 sp|P30046|DOPD_HUMAN  D-dopachrome 

decarboxylase 

Tautomerization of D-

dopachrome with 

decarboxylation to give 

5,6-dihydroxyindole 

(DHI). 

0.7993137 sp|Q9P0L0|VAPA_HUMAN  Vesicle-associated 

membrane protein-

associated protein A 

May play a role in vesicle 

trafficking. 

1.0460628 sp|O15498|YKT6_HUMAN  Synaptobrevin homolog 

YKT6 

Vesicular soluble NSF 

attachment protein 

receptor mediating 

vesicle docking and 

fusion to a specific 

acceptor cellular 

compartment. Functions 

in endoplasmic reticulum 

to Golgi transport. 

1.2047311 sp|O94925|GLSK_HUMAN  Glutaminase kidney 

isoform, mitochondrial 

Catalyzes the first 

reaction in the primary 

pathway for the renal 

catabolism of glutamine. 

Plays a role in 

maintaining acid-base 

homeostasis. Regulates 

the levels of the 

neurotransmitter 

glutamate, the main 

excitatory 

neurotransmitter in the 

brain. 

1.2580171 sp|P15927|RFA2_HUMAN Replication protein A 32 

kDa subunit 

As part of the 

heterotrimeric replication 

protein A complex, binds 

and stabilizes single-

stranded DNA 

intermediates, that form 

during DNA replication 

or upon DNA stress. 
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1.3545654 sp|P43307|SSRA_HUMAN  Translocon-associated 

protein subunit alpha 

TRAP proteins are part of 

a complex whose 

function is to bind 

calcium to the ER 

membrane and thereby 

regulate the retention of 

ER resident proteins. 

May be involved in the 

recycling of the 

translocation apparatus 

after completion of the 

translocation process or 

may function as a 

membrane-bound 

chaperone facilitating 

folding of translocated 

proteins. 

1.3545654 sp|Q9BPX5|ARP5L_HUMAN  Actin-related protein 2/3 

complex subunit 5-like 

protein 

May function as 

component of the Arp2/3 

complex which is 

involved in regulation of 

actin polymerization and 

together with an 

activating nucleation-

promoting factor (NPF) 

mediates the formation of 

branched actin networks. 

1.3843683 sp|Q12874|SF3A3_HUMAN  Splicing factor 3A 

subunit 3 

Involved in pre-mRNA 

splicing as a component 

of the splicing factor 

SF3A complex. 

1.7049654 sp|Q9H3P7|GCP60_HUMAN  Golgi resident protein 

GCP60 

Involved in the 

maintenance of Golgi 

structure by interacting 

with giantin, affecting 

protein transport between 

the endoplasmic 

reticulum and Golgi. 
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Fold 

Change 

Protein Name Function 

1.9275721 sp|Q9UPQ0|LIMC1_HUMAN  LIM and calponin 

homology domains-

containing protein 1 

Actin stress fibers-

associated protein that 

activates non-muscle 

myosin IIa, negatively 

regulating cell spreading 

and cell migration. 

2.0022073 sp|Q92600|CNOT9_HUMAN  CCR4-NOT transcription 

complex subunit 9 

Component of the CCR4-

NOT complex which is 

one of the major cellular 

mRNA deadenylases and 

is linked to various 

cellular processes 

including bulk mRNA 

degradation, miRNA-

mediated repression, 

translational repression 

during translational 

initiation and general 

transcription regulation. 

2.020335 sp|P17096|HMGA1_HUMAN  High mobility group 

protein HMG-I/HMG-Y 

HMG-I/Y bind 

preferentially to the 

minor groove of A+T 

rich regions in double-

stranded DNA. It is 

suggested that these 

proteins could function in 

nucleosome phasing and 

in the 3'-end processing 

of mRNA transcripts. 

They are also involved in 

the transcription 

regulation of genes 

containing, or in close 

proximity to A+T-rich 

regions. 

2.0204513 sp|P61011|SRP54_HUMAN  Signal recognition 

particle 54 kDa protein 

Binds to the signal 

sequence of presecretory 

protein when they 
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Fold 

Change 

Protein Name Function 

emerge from the 

ribosomes and transfers 

them to TRAM 

(translocating chain-

associating membrane 

protein).  

2.0311487 sp|Q9Y2B0|CNPY2_HUMAN  Protein canopy homolog 

2 

Positive regulator of 

neurite outgrowth by 

stabilizing myosin 

regulatory light chain 

(MRLC).  

2.0645323 sp|P63172|DYLT1_HUMAN  Dynein light chain Tctex-

type 1 

Acts as one of several 

non-catalytic accessory 

components of the 

cytoplasmic dynein 1 

complex that are thought 

to be involved in linking 

dynein to cargos and to 

adapter proteins that 

regulate dynein function. 

Plays a role in neuronal 

morphogenesis. 

2.173147 sp|Q12769|NU160_HUMAN  Nuclear pore complex 

protein Nup160 

Functions as a 

component of the nuclear 

pore complex (NPC). 

2.1889472 sp|P49840|GSK3A_HUMAN  Glycogen synthase 

kinase-3 alpha 

Constitutively active 

protein kinase that acts as 

a negative regulator in 

the hormonal control of 

glucose homeostasis, 

Wnt signaling and 

regulation of 

transcription factors and 

microtubules. 

2.3445802 sp|Q15274|NADC_HUMAN  Nicotinate-nucleotide 

pyrophosphorylase 

[carboxylating] 

Involved in a subpathway 

that is part of the 

NAD(+) biosynthesis 

pathway, which is itself 
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Fold 

Change 

Protein Name Function 

part of Cofactor 

biosynthesis. 

2.3445802 sp|Q9H223|EHD4_HUMAN  EH domain-containing 

protein 4 

ATP- and membrane-

binding protein that 

probably controls 

membrane 

reorganization/tubulation 

upon ATP hydrolysis. 

Plays a role in early 

endosomal transport. 

2.3649187 sp|Q9UGV2|NDRG3_HUMA

N  

Protein NDRG3 Function unclear. May 

function as a tumour 

suppressor and may also 

play important roles in 

the development of 

neurological and 

electrophysiological 

diseases. 

2.3983614 sp|Q9HDC9|APMAP_HUMA

N  

Adipocyte plasma 

membrane-associated 

protein 

May play a role in 

adipocyte differentiation. 

2.4703662 sp|P29762|RABP1_HUMAN  Cellular retinoic acid-

binding protein 1 

Cytosolic CRABPs may 

regulate the access of 

retinoic acid to the 

nuclear retinoic acid 

receptors. 

2.5580409 sp|Q92609|TBCD5_HUMAN  TBC1 domain family 

member 5 

May act as a GTPase-

activating protein (GAP) 

for Rab family protein(s). 

Required for retrograde 

transport of cargo 

proteins from endosomes 

to the trans-Golgi 

network (TGN). Involved 

in regulation of 

autophagy. 
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Supplementary Table S7 : List of proteins differentially abundant between mutant 

transfected and wild-type transfected cells 

Fold 

Change 

Protein Name Function 

Less Abundant 

-2.4344592 sp|O95782|AP2A1_HUMAN  AP-2 complex 

subunit alpha-1 

 

Component of the adaptor 

protein complex 2 (AP-2). 

Adaptor protein complexes 

function in protein transport 

via transport vesicles in 

different membrane traffic 

pathways. 

-1.7803267 sp|P30876|RPB2_HUMAN DNA-directed RNA 

polymerase II subunit 

RPB2 

DNA-dependent RNA 

polymerase catalyzes the 

transcription of DNA into 

RNA using the four 

ribonucleoside triphosphates 

as substrates. 

-1.5180521 sp|P52788|SPSY_HUMAN Spermine synthase Catalyzes the production of 

spermine from spermidine 

and decarboxylated S-

adenosylmethionine 

(dcSAM). 

-1.335764 sp|Q9BTY7|HGH1_HUMAN Protein HGH1 

homolog 

Chaperone-mediated protein 

folding 

-1.0895904 sp|P60763|RAC3_HUMAN Ras-related C3 

botulinum toxin 

substrate 3 

Plasma membrane-associated 

small GTPase. In its active 

state binds to a variety of 

effector proteins to regulate 

cellular responses, such as 

cell spreading and the 

formation of actin-based 

protrusions including 

lamellipodia and membrane 

ruffles. 

-1.0788805 sp|Q7L1Q6|BZW1_HUMAN Basic leucine zipper 

and W2 domain-

containing protein 1 

Enhances histone H4 gene 

transcription but does not 

seem to bind DNA directly. 
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Change 

Protein Name Function 

-1.0704813 sp|O43172|PRP4_HUMAN  U4/U6 small nuclear 

ribonucleoprotein 

Prp4 

Plays role in pre-mRNA 

splicing as component of the 

U4/U6-U5 tri-snRNP 

complex that is involved in 

spliceosome assembly, and as 

component of the precatalytic 

spliceosome (spliceosome B 

complex). 

-0.79752356 sp|Q05193|DYN1_HUMAN Dynamin-1 Microtubule-associated force-

producing protein involved in 

producing microtubule 

bundles and able to bind and 

hydrolyze GTP. Most 

probably involved in 

vesicular trafficking 

processes. Involved in 

receptor-mediated 

endocytosis. 

-0.62357765 sp|P21912|SDHB_HUMAN  Succinate 

dehydrogenase 

[ubiquinone] iron-

sulfur subunit, 

mitochondrial 

Iron-sulfur protein (IP) 

subunit of succinate 

dehydrogenase (SDH) that is 

involved in complex II of the 

mitochondrial electron 

transport chain and is 

responsible for transferring 

electrons from succinate to 

ubiquinone (coenzyme Q). 

-0.5995171 sp|P36871|PGM1_HUMAN Phosphoglucomutase-

1 

This enzyme participates in 

both the breakdown and 

synthesis of glucose. 

-0.45797586 sp|P35659|DEK_HUMAN Protein DEK Involved in chromatin 

organization. 

-0.41750172 sp|P62873|GBB1_HUMAN  Guanine nucleotide-

binding protein 

G(I)/G(S)/G(T) 

subunit beta-1 

Guanine nucleotide-binding 

proteins (G proteins) are 

involved as a modulator or 

transducer in various 

transmembrane signaling 

systems. The beta and gamma 
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Fold 

Change 

Protein Name Function 

chains are required for the 

GTPase activity, for 

replacement of GDP by GTP, 

and for G protein-effector 

interaction. 

-0.34489024 sp|P31939|PUR9_HUMAN  Bifunctional purine 

biosynthesis protein 

ATIC 

Bifunctional enzyme that 

catalyzes the last two steps of 

purine biosynthesis.  

-0.2783318 sp|P11177|ODPB_HUMAN Pyruvate 

dehydrogenase E1 

component subunit 

beta, mitochondrial 

The pyruvate dehydrogenase 

complex catalyzes the overall 

conversion of pyruvate to 

acetyl-CoA and CO2, and 

thereby links the glycolytic 

pathway to the tricarboxylic 

cycle. 

-0.24159154 sp|P49368|TCPG_HUMAN  T-complex protein 1 

subunit gamma 

Component of the 

chaperonin-containing T-

complex (TRiC), a molecular 

chaperone complex that 

assists the folding of proteins 

upon ATP hydrolysis. 

-0.13958682 sp|Q04837|SSBP_HUMAN  Single-stranded 

DNA-binding 

protein, 

mitochondrial 

In vitro, required to maintain 

the copy number of 

mitochondrial DNA 

(mtDNA) and plays crucial 

roles during mtDNA 

replication that stimulate 

activity of the replisome 

components POLG and 

TWNK at the replication 

fork. 

More Abundant 

0.29401335 sp|P16104|H2AX_HUMAN 

 

 

Histone H2AX Variant histone H2A which 

replaces conventional H2A in 

a subset of nucleosomes. 

Histones thereby play a 

central role in transcription 

regulation, DNA repair, DNA 
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Protein Name Function 

replication and chromosomal 

stability.  

0.3704586 sp|P63220|RS21_HUMAN  40S ribosomal 

protein S21 

Structural constituent of 

ribosome. 

0.38168684 sp|P55060|XPO2_HUMAN Exportin-2 Export receptor for importin-

alpha. Mediates importin-

alpha re-export from the 

nucleus to the cytoplasm after 

import substrates (cargos) 

have been released into the 

nucleoplasm. 

0.43802047 sp|P62140|PP1B_HUMAN  Serine/threonine-

protein phosphatase 

PP1-beta catalytic 

subunit 

Protein phosphatase that 

associates with over 200 

regulatory proteins to form 

highly specific holoenzymes 

which dephosphorylate 

hundreds of biological 

targets. Protein phosphatase 

(PP1) is essential for cell 

division, it participates in the 

regulation of glycogen 

metabolism, muscle 

contractility and protein 

synthesis. Involved in 

regulation of ionic 

conductance and long-term 

synaptic plasticity. 

0.5287636 sp|P53999|TCP4_HUMAN  Activated RNA 

polymerase II 

transcriptional 

coactivator p15 

General coactivator that 

functions cooperatively with 

TAFs and mediates functional 

interactions between 

upstream activators and the 

general transcriptional 

machinery. May be involved 

in stabilizing the multiprotein 

transcription complex.  
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Change 

Protein Name Function 

0.53964293 sp|P38159|RBMX_HUMAN  RNA-binding motif 

protein, X 

chromosome 

RNA-binding protein that 

plays several roles in the 

regulation of pre- and post-

transcriptional processes. 

Implicated in tissue-specific 

regulation of gene 

transcription and alternative 

splicing of several pre-

mRNAs. 

0.63821447 sp|P35637|FUS_HUMAN RNA-binding protein 

FUS 

DNA/RNA-binding protein 

that plays a role in various 

cellular processes such as 

transcription regulation, RNA 

splicing, RNA transport, 

DNA repair and damage 

response. 

0.82862306 sp|Q9P0L0|VAPA_HUMAN  Vesicle-associated 

membrane protein-

associated protein A 

May play a role in vesicle 

trafficking. 

0.8773641 sp|P30046|DOPD_HUMAN  D-dopachrome 

decarboxylase 

Tautomerization of D-

dopachrome with 

decarboxylation to give 5,6-

dihydroxyindole (DHI). 

0.9104095 sp|Q9H814|PHAX_HUMAN Phosphorylated 

adapter RNA export 

protein 

A phosphoprotein adapter 

involved in the XPO1-

mediated U snRNA export 

from the nucleus. 

0.9281879 sp|Q15637|SF01_HUMAN Splicing factor 1  Necessary for the ATP-

dependent first step of 

spliceosome assembly. 

0.96657825 sp|P35527|K1C9_HUMAN  Keratin, type I 

cytoskeletal 9 

Plays a role in keratin 

filament assembly. 

1.0312784 sp|Q9H307|PININ_HUMAN  Pinin Transcriptional activator 

binding to the E-box 1 core 

sequence of the E-cadherin 

promoter gene. 

1.2384619 sp|P98179|RBM3_HUMAN RNA-binding protein 

3 

Cold-inducible mRNA 

binding protein that enhances 
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Change 

Protein Name Function 

global protein synthesis at 

both physiological and mild 

hypothermic temperatures. 

1.2384619 sp|P62851|RS25_HUMAN  40S ribosomal 

protein S25 

Structural constituent of 

ribosome. 

1.3642771 sp|P62753|RS6_HUMAN 40S ribosomal 

protein S6 

Component of the 40S small 

ribosomal subunit. 

1.4416274 sp|P62917|RL8_HUMAN 60S ribosomal 

protein L8 

Component of the large 

ribosomal subunit. 

1.8834004 sp|P51784|UBP11_HUMAN  Ubiquitin carboxyl-

terminal hydrolase 11 

Protease that can remove 

conjugated ubiquitin from 

target proteins and 

polyubiquitin chains. Inhibits 

the degradation of target 

proteins by the proteasome. 

2.2395134 sp|P07858|CATB_HUMAN Cathepsin B Thiol protease which is 

believed to participate in 

intracellular degradation and 

turnover of proteins. 

2.3365922 sp|Q8ND24|RN214_HUMAN  RING finger protein 

214 

Involved in protein 

ubiquitination. 

2.888747 sp|P17096|HMGA1_HUMAN  High mobility group 

protein HMG-

I/HMG-Y 

HMG-I/Y bind preferentially 

to the minor groove of A+T 

rich regions in double-

stranded DNA. It is suggested 

that these proteins could 

function in nucleosome 

phasing and in the 3'-end 

processing of mRNA 

transcripts. They are also 

involved in the transcription 

regulation of genes 

containing, or in close 

proximity to A+T-rich 

regions. 
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Supplementary Table S8 : List of proteins differentially abundant between empty vector 

transfected and non-transfected cells 

Fold Change Protein Name  Function 

Less Abundant 

-2.650073 sp|O14949|QCR8_HUMAN  Cytochrome b-

c1 complex 

subunit 8 

Component of the 

ubiquinol-cytochrome c 

oxidoreductase, a 

multisubunit 

transmembrane complex 

that is part of the 

mitochondrial electron 

transport chain which 

drives oxidative 

phosphorylation. 

-2.5518029 sp|Q10713|MPPA_HUMAN Mitochondrial-

processing 

peptidase 

subunit alpha 

Substrate recognition and 

binding subunit of the 

essential mitochondrial 

processing protease 

(MPP), which cleaves the 

mitochondrial sequence 

off newly imported 

precursors proteins. 

-1.7825811 sp|P24928|RPB1_HUMAN  DNA-directed 

RNA 

polymerase II 

subunit RPB1 

DNA-dependent RNA 

polymerase catalyzes the 

transcription of DNA 

into RNA using the four 

ribonucleoside 

triphosphates as 

substrates. Largest and 

catalytic component of 

RNA polymerase II 

which synthesizes 

mRNA precursors and 

many functional non-

coding RNAs. 

-1.4472072 sp|Q9C0B1|FTO_HUMAN  Alpha-

ketoglutarate-

dependent 

RNA demethylase that 

mediates oxidative 

demethylation of 

Stellenbosch University https://scholar.sun.ac.za



292 

 

Fold Change Protein Name  Function 

dioxygenase 

FTO 

different RNA species, 

such as mRNAs, tRNAs 

and snRNAs, and acts as 

a regulator of fat mass, 

adipogenesis and energy 

homeostasis. 

-0.8712561 sp|Q15149|PLEC_HUMAN Plectin Interlinks intermediate 

filaments with 

microtubules and 

microfilaments and 

anchors intermediate 

filaments to desmosomes 

or hemidesmosomes. 

-0.8128491 sp|P13861|KAP2_HUMAN cAMP-

dependent 

protein kinase 

type II-alpha 

regulatory 

subunit 

Regulatory subunit of the 

cAMP-dependent protein 

kinases involved in 

cAMP signaling in cells. 

-0.5686383 sp|P53004|BIEA_HUMAN Biliverdin 

reductase A 

Reduces the gamma-

methene bridge of the 

open tetrapyrrole, 

biliverdin IX alpha, to 

bilirubin with the 

concomitant oxidation of 

a NADH or NADPH 

cofactor. 

-0.49464598 sp|Q92499|DDX1_HUMAN  ATP-dependent 

RNA helicase 

DDX1 

Acts as an ATP-

dependent RNA helicase, 

able to unwind both 

RNA-RNA and RNA-

DNA duplexes. 

More Abundant 

0.2042159 sp|P06733|ENOA_HUMAN Alpha enolase Glycolytic enzyme the 

catalyzes the conversion 

of 2-phosphoglycerate to 

phosphoenolpyruvate 
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0.48937234 sp|P63279|UBC9_HUMAN SUMO-

conjugating 

enzyme UBC9 

Involved in the pathway 

protein sumoylation, 

which is part of Protein 

modification 

0.4961204 sp|P55010|IF5_HUMAN  Eukaryotic 

translation 

initiation factor 

5 

Catalyzes the hydrolysis 

of GTP bound to the 40S 

ribosomal initiation 

complex with the 

subsequent joining of a 

60S ribosomal subunit. 

0.509079 sp|Q9BY32|ITPA_HUMAN Inosine 

triphosphate 

pyrophosphatase 

Pyrophosphatase that 

hydrolyzes the non-

canonical purine 

nucleotides to their 

respective 

monophosphate 

derivatives. 

0.56471723 sp|P30049 |ATPD_HUMAN ATP synthase 

subunit delta, 

mitochondrial 

Mitochondrial membrane 

ATP synthase produces 

ATP from ADP in the 

presence of a proton 

gradient across the 

membrane which is 

generated by electron 

transport complexes of 

the respiratory chain. 

0.5949262 sp|P61160|ARP2_HUMAN  Actin-related 

protein 2 

ATP-binding component 

of the Arp2/3 complex, a 

multiprotein complex 

that mediates actin 

polymerization upon 

stimulation by 

nucleation-promoting 

factor (NPF). 

0.6654975 sp|P68871|HBB_HUMAN Hemoglobin 

subunit beta 

Involved in oxygen 

transport from the lung to 

the various peripheral 

tissues. 
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0.77291125 sp|P35250|RFC2_HUMAN Replication 

factor C subunit 

2 

The elongation of primed 

DNA templates by DNA 

polymerase delta and 

epsilon requires the 

action of the accessory 

proteins proliferating cell 

nuclear antigen (PCNA) 

and activator 1. This 

subunit binds ATP. 

0.9915015 sp|P01008|ANT3_HUMAN Antithrombin-

III 

Most important serine 

protease inhibitor in 

plasma that regulates the 

blood coagulation 

cascade. 

1.1482236 sp|P37840|SYUA_HUMAN Alpha-synuclein Neuronal protein that 

plays several roles in 

synaptic activity such as 

regulation of synaptic 

vesicle trafficking and 

subsequent 

neurotransmitter release. 

1.4167656 sp|O00303|EIF3F_HUMAN  Eukaryotic 

translation 

initiation factor 

3 subunit F 

Component of the 

eukaryotic translation 

initiation factor 3 (eIF-3) 

complex, which is 

required for several steps 

in the initiation of protein 

synthesis. 

1.5193136 sp|Q15773|MLF2_HUMAN Myeloid 

leukemia factor 

2 

Regulation of 

transcription. 

1.5193136 sp|P61086|UBE2K_HUMAN  Ubiquitin-

conjugating 

enzyme E2 K 

Accepts ubiquitin from 

the E1 complex and 

catalyzes its covalent 

attachment to other 

proteins. 

1.9315825 sp|P29762|RABP1_HUMAN  Cellular retinoic 

acid-binding 

protein 1 

May regulate the access 

of retinoic acid to the 
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nuclear retinoic acid 

receptors. 

2.3856065 sp|Q92600|CNOT9_HUMAN  CCR4-NOT 

transcription 

complex subunit 

9 

Component of the 

CCR4-NOT complex 

which is one of the major 

cellular mRNA 

deadenylases and is 

linked to various cellular 

processes including bulk 

mRNA degradation, 

miRNA-mediated 

repression, translational 

repression during 

translational initiation 

and general transcription 

regulation. 

2.527652 sp|Q16864|VATF_HUMAN V-type proton 

ATPase subunit 

F 

Subunit of the peripheral 

V1 complex of vacuolar 

ATPase essential for 

assembly or catalytic 

function. V-ATPase is 

responsible for acidifying 

a variety of intracellular 

compartments in 

eukaryotic cells. 

2.527652 sp|P49753|ACOT2_HUMAN  Acyl-coenzyme 

A thioesterase 2, 

mitochondrial 

Acyl-CoA thioesterases 

are a group of enzymes 

that catalyze the 

hydrolysis of acyl-CoAs 

to the free fatty acid and 

coenzyme A (CoASH), 

providing the potential to 

regulate intracellular 

levels of acyl-CoAs, free 

fatty acids and CoASH. 

The enzyme is involved 

in enhancing the hepatic 

fatty acid oxidation in 

mitochondria.  
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3.0763242 sp|P19525|E2AK2_HUMAN  Interferon-

induced, double-

stranded RNA-

activated protein 

kinase 

IFN-induced dsRNA-

dependent 

serine/threonine-protein 

kinase that 

phosphorylates the alpha 

subunit of eukaryotic 

translation initiation 

factor 2 (EIF2S1/eIF-2-

alpha) and plays a key 

role in the innate immune 

response to viral 

infection. 

3.1480145 sp|Q9P013|CWC15_HUMAN  Spliceosome-

associated 

protein CWC15 

homolog 

Involved in pre-mRNA 

splicing as component of 

the spliceosome. 

3.4633446 sp|Q9H910|JUPI2_HUMAN  Jupiter 

microtubule 

associated 

homolog 2 

Nicotinic Acid Adenine 

Dinucleotide Phosphate 

(NAADP) binding 

protein required for 

NAADP-evoked 

intracellular calcium 

release. 
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Appendix III: American College of Medical Genetics (ACMG) Variant 

Characterization 
 

N/A: not applicable  

(Richards et al., 2015) 
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