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Abstract 

Prader-Willi Syndrome (PWS) is a neurocognitive developmental disorder that is caused by the 

deletion or inactivation of paternal genes in the chromosomal region 15q11-q13. The MAGEL2 and 

NDN (encoding necdin) genes are within the deleted region. Individuals with PWS tend to be obese due 

to hyperphagia, are hypotonic, have sleep apnea, have some degree of intellectual disability, and 

exhibit problematic behaviors such as temper tantrums and sudden outbursts. Protein truncating 

mutations in the MAGEL2 gene result in a disorder known as Schaaf-Yang syndrome (SYS), which 

has overlapping phenotypes with PWS. Phenotypes recapitulating PWS phenotypes have been 

observed in gene-targeted MAGEL2 knockout mice. However, there is still much unknown about the 

function that MAGEL2 plays in the cell.  MAGEL2 has a “MAGE homology domain” (MHD) that is 

shared with ~40 other mammalian MAGE proteins, including necdin. Identifying interacting proteins can 

help to determine the pathways in which MAGEL2 and necdin participate. Identifying the pathways that these 

proteins are involved in allows for a better understanding of the role that they play in both SYS and PWS, as 

well as how mutations impact protein function.  I examined the cellular role and impact of mutations in both 

MAGEL2 and necdin by investigating protein-protein interactions using proximity-dependant biotinylation 

(BioID).  

I first examined the necdin interactome and the effect of amino acid substitutions on necdin 

protein interactions. I used proximity-dependent biotin identification (BioID) and mass spectrometry 

(MS) to determine the network of protein-protein interactions (interactome) of the necdin protein. This 

process yielded novel as well as known necdin-proximate proteins that cluster into a protein network. I 

identified necdin-proximate proteins that function in both RNA metabolism and cellular stress 

response, which are novel functions for necdin. I then used BioID-MS to define the interactomes of 
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necdin proteins carrying coding variants. Variant necdin proteins had interactomes that were distinct 

from the interactome of wildtype necdin. 

Next, I investigated the MAGEL2 interactome using BioID-MS. Until this point, all molecular 

experiments done with MAGEL2 have characterized the C-terminus of the protein, which contains the 

MHD. I examined interactions for the full-length MAGEL2 protein as well as interactions for the N-

terminus and C-terminus of the protein. This process yielded novel MAGEL2-proximate proteins that 

cluster into protein networks, as well as the discovery of protein interactions that were specific to 

different regions of the MAGEL2 protein. I identified interactions between MAGEL2 with several 

RNA metabolic proteins. Most notable was the interaction between MAGEL2 and YTHDF1/2/3, which 

function in RNA metabolism and cellular stress response. I also found that MAGEL2 regulates 

YTHDF2 in response to heat shock, indicating that MAGEL2 has a role in cellular stress response.   

Finally, I examined the impact of mutations on MAGEL2 protein interactions.  A series of 

mutations have been identified in MAGEL2 in individuals with SYS. There are differences in the 

severity of the phenotypes seen in SYS, which appears to be dependent on the location of the truncating 

mutations. We previously showed that mutations in the MHD disrupt MAGEL2 interactions in the cell. 

However, there are currently no functional assays to evaluate the impact of mutations on MAGEL2. I 

used BioID-MS to define the interactomes of two MAGEL2 proteins carrying coding variants that 

disrupt MAGEL2 function. Two mutations are synthetic mutations modeled on disease-causing 

variants in other MAGE proteins. I found that the mutant MAGEL2 proteins had altered proximity to 

proteins initially identified as proximal to wildtype MAGEL2.  

My thesis contributes to the understanding of the cellular role of both MAGEL2 and necdin. I 

identified novel interactions and biological pathways for both MAGEL2 and necdin. I also have also 

found evidence of a functional role for the N-terminus of MAGEL2, which has not been previously 

described. My work demonstrates that BioID could be used to evaluate the clinical relevance of 
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mutations in MAGEL2 identified in individuals diagnosed with Schaaf-Yang syndrome. More broadly, 

changes in protein-protein interactions secondary to variations in protein sequence can point to motifs 

important for protein structure or function and assist in decisions about the probability that protein 

variants are pathogenic in human genetic disease. 
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Chapter 1. Introduction 

1.1 Prader-Willi Syndrome 

1.1.1 Clinical description  

Prader-Willi syndrome (PWS) is a complex genetic condition that affects multiple body 

systems and tissues. First described in 1956, there is still much that we do not understand about the 

fundamental cellular processes that are disrupted in PWS. PWS is estimated to have a prevalence of 

1/10,000 to 1/30,000 (Cassidy et al., 2012). In infancy, it is characterized by feeding difficulties, 

hypotonia, and failure to thrive (Cassidy et al., 2012). In the first months of life, children struggle to 

eat and gain weight (Miller et al., 2011). They then typically progress to hyperphagia in early 

childhood. Affected individuals exhibit food-seeking behaviours, become obsessed with food, have 

persistent hunger, and are unable to feel full (Miller et al., 2011). They can often become obese, 

which is thought to arise from the hyperphagia. They also have a reduced number of caloric 

requirements when compared to unaffected individuals due to their low muscle mass (Miller et al., 

2011), which can also contribute to the development of obesity. Many individuals develop 

cardiovascular problems and diabetes as a consequence of obesity, making it a leading contributor to 

morbidity (Miller et al., 2011). Children with PWS are developmentally delayed and typically 

achieve milestones at double the normal age (Cassidy et al., 2012). They usually have an IQ score 

(60-70) indicative of mild intellectual disability (ID) (Cassidy et al., 2012). They often exhibit 

behavioural issues such as temper tantrums, skin picking, and behaviour indicative of autism 

spectrum disorder (ASD) (Cassidy et al., 2012). Individuals also exhibit characteristic facial 

features, including a narrow forehead, almond-shaped eyes, thin upper lip, and downturned corners 

of the mouth (Cassidy et al., 2012; Holm et al., 1993). Furthermore, they often have disrupted sleep 

which leads to excessive daytime sleepiness (Weselake and Wevrick, 2012). Growth hormone 

deficiency contributes to a small stature and low muscle mass. Additional characteristics are 

hypogonadism, strabismus, scoliosis, small hands and feet, as well as light hair and skin (Cassidy 

and Driscoll, 2009; Cassidy et al., 2012). Many of the phenotypes in PWS make everyday life 

difficult for affected individuals. We currently do not have a clear understanding of how to best 

alleviate the individual symptoms. Better molecular characterization of the condition would allow 

for development of improved and more targeted treatments.  
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There is presently no treatment for PWS, and current therapeutic strategies aim to mitigate 

individual symptoms. Individuals with PWS are growth hormone-deficient, which contributes to 

obesity, short stature, and reduced muscle mass. As a result, they are given recombinant growth 

hormone (The Committee on Genetics, 2011). To help with feeding difficulties, special feeding 

techniques are implemented at the beginning of life (Duis et al., 2019). Calorie restricted diets have 

been used to help manage obesity in children and adults with PWS (Duis et al., 2019; Miller et al., 

2013). Behavioural therapies have also been useful in managing some of the behavioural issues 

associated with PWS (Ho and Dimitropoulos, 2010). There are currently no therapies available to 

help alleviate the hyperphagia.  

 

1.1.2 Genetics of Prader-Willi syndrome 

PWS is caused by the inactivity of genes located in the 15q11.2-q13 region (Fig. 1.1A). 

Within the PWS region there are five genes that encode proteins, MKRN3, MAGEL2, NDN, and 

SNURF-SNRPN, along with six small nucleolar RNA (snoRNA) genes. The genes located in this 

region are maternally imprinted, meaning that there is only expression of the paternally inherited 

allele in healthy individuals. Approximately 70% of cases are caused by the deletion of the PWS 

region on the paternally inherited chromosome (Fig 1.2). The deletion breakpoints commonly occur 

at three sites, creating two deletion subgroups, type 1 (T1) and 2 (T2). The T1 deletion is the larger 

of the two, spanning 6.6 Mb (Fig. 1.1A, breakpoint 1-3) (Bittel, Kibiryeva, and Butler, 2006; Carias 

and Wevrick 2019). T2 deletions are 5.3 Mb (Fig. 1.1A breakpoint 2-3) and more common, with 

60% of individuals having a deletion (Bittel, Kibiryeva, and Butler, 2006; Carias and Wevrick, 

2019). Approximately 25% of cases of PWS are caused by uniparental disomy (UPD) of the 

maternal chromosome 15 (Fig. 1.2) (Bittel, Kibiryeva, and Butler, 2006). A small subset of cases, 2-

5%, are caused by mutations of the imprinting center that regulates the methylation and expression 

of genes located in the PWS region (Fig. 1.2) (Bittel, Kibiryeva, and Butler, 2006). There have been 

some phenotypic and genotypic correlations in individuals with PWS (Cassidy et al., 2012). Those 

with a UPD tend to have a slightly higher verbal IQ and milder behaviour problems. They are more 

likely to have psychosis in adolescence and have a higher frequency of ASD. Those with a T1 

deletion have more severe behavioural issues and more profound intellectual disability (Cassidy et 

al., 2012). Given the potential genotypic and phenotypic associations of PWS, it is relevant for 

physicians and caregivers to understand the molecular diagnosis to provide care for an individual 

with PWS.   
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Figure 1.1. The Prader-Willi syndrome region. A) The region on chromosome 15 that is 

implicated in Prader-Willi syndrome. Protein coding genes are indicated as circles and non-coding 

RNAs are indicated as vertical lines. The common breakpoints are labelled with X. B) The mouse 

chromosome 7C is homologous to the human PWS region. Mice do not have a homolog of NPAP1 

and Frat3 is only found in rodents. Telomeres are labeled as tel and centromeres as cen. Figure 

adapted from (Carias and Wevrick 2019). 
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Figure 1.2. Modes of inheritance for PWS. The various ways in which PWS occurs are through a 

paternally inherited deletion of the PWS region on chromosome 15 (70% of cases), a uniparental 

disomy (25% of cases), and a mutation of the imprinting center on chromosome 15 (5% of cases). 
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Often, a physician will suspect PWS soon after birth as an infant will present with hypotonia, 

feeding difficulties, and failure to thrive. To confirm a diagnosis of PWS, DNA methylation analysis 

can be used to identify all three forms of PWS (Fig. 1.3) (Cassidy et al., 2012). The most widely 

used methylation assay targets the 5’CpG island of the SNRPN gene (Kubota et al., 2016). This 

assay cannot, however, detect the difference between a deletion, UPD, or imprinting defect. A 

deletion is usually detected by fluorescence in-situ hybridization (FISH) using a SNRPN probe 

(Cassidy et al., 2012). A deletion could also be detected by comparative genomic hybridization 

(CGH) microarray and this assay can be even used to detect deletion breakpoints, distinguishing 

between T1 and T2 deletions (Smith and Hung, 2017). To distinguish between UPD and imprinting 

defect, either DNA polymorphism analysis or CGH + single nucleotide polymorphism (SNP) array 

can be done to examine whether there is biparental inheritance of alleles (Cassidy et al., 2012; Smith 

and Hung, 2017). If UPD is not detected, it is assumed that an individual has an imprinting defect. 

To determine if this is due to an inherited mutation from the father, sequence analysis is usually 

done to check for deletion or variants carried by the individual and the father (Cassidy et al., 2012). 

Diagnosis of the genetic subgroup can be relevant for the clinician to provide genetic counselling for 

future pregnancies.   
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Figure 1.3. PCR method of detecting Prader-Willi syndrome. PCR amplification of the promoter 

region of the SNRPN gene can detect, but not differentiate, all three forms of PWS. Result from an 

imprinting mutation is not shown but the result is the same as both paternal deletion and maternal 

UPD. Figure adapted from (Kubota et al., 2016). 
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1.2 Schaaf Yang Syndrome 

Truncating mutations in MAGEL2, one of the genes lost in PWS, result in the 

neurodevelopmental disorder Schaaf-Yang syndrome (SYS). SYS is clinically similar to PWS 

(Schaaf et al., 2013; Fountain and Schaaf, 2016). Individuals with SYS and PWS both present with 

neonatal hypotonia and feeding difficulties, endocrine dysfunction, developmental delay, sleep 

apnea, scoliosis, hypogonadism, maladaptive behaviour, and intellectual disability (Fountain and 

Schaaf, 2016). Individuals with SYS also have contractures, abnormal temperature regulation, 

gastroesophageal reflux, and respiratory distress (McCarthy et al., 2018). SYS individuals also have 

higher rates of ASD than those with PWS and more severe intellectual disability (Fountain and 

Schaaf, 2016; McCarthy et al., 2018). There is a wide spectrum of phenotypic traits and severity 

among individuals with SYS (McCarthy et al., 2018). A perinatal lethal phenotype is associated with 

a specific mutation (c.1996delC, p.Q666Sfs∗36), and severe phenotypes are associated with 

c.1996dupC (p.Q666Pfs*47, found in 40% of cases) (Bayat et al., 2018; Guo et al., 2019; Fountain 

et al., 2017; Jobling et al., 2018; Matuszewska et al., 2018; McCarthy et al., 2018; Mejlachowicz et 

al., 2015; Soden et al., 2014; Tong et al., 2018; Urreizti et al., 2017; Xiao et al., 2020). More 

moderate SYS phenotypes are associated with 42 different protein-truncating mutations located 

elsewhere in MAGEL2 (Fountain et al., 2017; McCarthy et al., 2018; Patak et al., 2019).  

 

1.3 MAGE proteins 

The Melanoma antigen gene (MAGE) family of proteins is conserved across eukaryotes. 

There are over 60 human MAGE proteins that can be divided into two groups: Type I and Type II 

MAGE proteins (Doyle et al., 2010; Lee and Potts, 2017) (Fig. 1.4). Type I MAGE proteins are all 

clustered on the X-chromosome and include the MAGE-A, B, and C subfamilies of proteins, which 

are expressed in the testis (Feng, Gao, and Yang, 2011). Aberrant expression of Type I MAGE 

proteins is a common occurrence in cancers and these proteins are expressed in many types of 

tumors including those that occur in the brain, liver, lung, prostate, ovaries, skin, and thyroid (Feng, 

Gao, and Yang, 2011). All three sub families of the type I MAGE proteins suppress p53 activity, 

thereby suppressing apoptosis of cells and promoting cell proliferation and tumorigenesis (Yang et 

al., 2007). Type II MAGE proteins include the subfamilies MAGE- D, E, F, G, H, L, and Necdin. 

Type II MAGE proteins are expressed in a variety of tissues (Feng, Gao, and Yang, 2011). MAGE 
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proteins are important for a variety of cellular and developmental processes in many different 

organisms.  
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Figure 1.4. The MAGE family of proteins. A) Type I and type II MAGE proteins are listed. The 

MAGE homology domain is shown in yellow and the MHD2 is shown in blue. B) A representative 

structural model of the MHD has been made based on the crystal structure for the MAGE-A3 

protein (PDB ID: 4V0P; Newman et al., 2016). 
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All MAGE family proteins contain a MAGE homology domain (MHD) (Fig. 1.4) that shares 

little to no homology with other proteins (Barker and Salehi, 2002). When the MHD of various 

MAGE proteins are aligned, the MHD can be divided into five regions each having different levels 

of conservation (Barker and Salehi, 2002) (Fig 1.5). Regions 1, 3, and 5 are well conserved, with the 

regions linking them less conserved (Barker and Salehi, 2002). The MHD is made up of two tandem 

winged helix motifs (WHA and WHB) and is conserved approximately 40% amongst MAGE 

proteins (Lee and Potts, 2017). Each WH domain has a helix turn helix motif packed against a beta 

sheet wing, with the WHB domain featuring an additional alpha helix (Lee and Potts, 2017) (Fig. 

1.4B). Many of the Type I MAGE proteins, along with the Type II proteins MAGEF1, MAGEG1, 

and Necdin, consist of little more than the MHD, with their N and C-terminal regions being poorly 

conserved (Barker and Salehi, 2002). The Type II proteins MAGED1-4, MAGEE1, and MAGEL2 

have either an extended N or C-terminal region. Within the N-terminus of MAGED1-4, MAGEE1, 

and MAGEL2 there is a region of somewhat conserved amino acids termed the MHD2 domain, 

which is similar to the MHD, but shares little to no homology with any other proteins (Fig. 1.4) 

(Barker and Salehi, 2002).  

Through the MHD, MAGE proteins interact with RING ligases to form MAGE-RING ligase 

complexes (MRLs) (Doyle et al, 2010; Lee and Potts, 2017). There have been over 50 MRLs 

identified. MAGE proteins will preferentially bind a specific RING protein and similar MAGE 

proteins prefer the same RING protein (Doyle et al., 2010; Feng, Gao, and Yang, 2011; Lee and 

Potts, 2017). MAGE proteins all bind to RING proteins through their MHD. However, the region of 

the RING protein that the MHD binds to is highly variable. Structural analysis of the MHD has 

shown that it can occupy different conformations (Newman et al., 2016) indicating that it is a highly 

flexible domain that preferentially binds proteins of the same function rather than a similar binding 

motif (Feng, Gao, and Yang, 2011). Thus, it appears that interactions of the MHD are complicated 

and not yet fully understood.  
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Figure 1.5. Conserved regions of the MAGE homology domain. A) Alignment of the MAGE 

homology domain of MAGE family proteins showing the 3 highly conserved domains (1, 3, and 5) 

as well as the lesser conserved domains (2 and 4). The highly conserved dileucine motif is 

highlighted. B) Graphical depiction of the regions of the MHD. The cylinders represent α-helices 

and arrows represent β-sheets. Figure adapted from (Barker and Salehi, 2002). 
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MAGE proteins enhance the activity of their RING binding partner, target specific substrates 

for ubiquitination, and alter cellular localization of the complex (Doyle et al., 2010; Feng, Gao and 

Yang, 2011;Lee and Potts, 2017). Through their role in MAGE-RING ligase complexes (MRLs), 

MAGE proteins act in a variety of pathways such as cell cycle regulation, cell survival, apoptosis, 

DNA repair, gene regulation, transcription, protein transport, and metabolism (Barker and Salehi, 

2002; Lee and Potts, 2017). Interestingly, Type II MAGE proteins have been implicated in neural 

development (Barker and Salehi, 2002; Lee and Potts, 2017). Specifically, the MAGED family is 

expressed widely throughout the brain, and it is thought that this family of proteins plays an 

important role in neural differentiation and maintenance (Lee and Potts, 2017). In addition, the 

MAGE genes NDN and MAGEL2 are implicated in neurodevelopmental disorders. Both genes are 

lost in PWS and MAGEL2 is mutated in SYS. The role of these proteins in neural development will 

be discussed in sections 1.4 and 1.5.  

MAGE proteins have largely been studied for their roles in cancer development. However, 

new evidence suggests that they may have roles in other diseases. Mutations in the MHD of MAGE 

proteins are predicted to disrupt protein-protein interactions and alter function. In fact, missense, 

frameshift or nonsense mutations in MAGE genes cause genetic disorders; MAGED2 is mutated in 

Bartter syndrome (Fig. 1.5A) (Laghmani et al., 2016), NSMCE3 (MAGEG1) in a chromosome 

breakage syndrome called LICS (Fig. 1.5B) (van der Crabben et al., 2016), and MAGEA9 and 

MAGEB4 in male infertility (Fon Tacer et al. 2019; Lo Giacco et al. 2014; Okutman et al. 2017). 

1.4 NDN 

1.4.1 NDN 

One of the genes deleted in PWS is NDN. NDN, encodes necdin, a 321 amino acid MAGE 

family protein (Fig. 1.6A). Like other MAGE proteins, necdin contains a conserved MHD, which 

spans residues 98 to 297 in human necdin (Fig. 1.6A). NDN is subject to genomic imprinting that 

silences the maternal NDN allele. All individuals with the common genetic forms of PWS do not 

express NDN in any of their tissues.  

NDN is expressed in a variety of human tissues, including those contributing to muscle, 

bone, adipose, hematopoietic stem cells, and nervous tissues (Bush and Wevrick 2012; Fujiwara et 

al. 2012; MacDonald and Wevrick 1997; Minamide et al. 2014). Expression of necdin induces 

neurite outgrowth and cellular migration and loss of necdin impairs Cdc42-dependent myosin 

activation (Bush and Wevrick 2010; Tennese, Gee and Wevrick 2008). Like other MAGE proteins, 
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necdin functions in ubiquitination by acting in MRL complexes. Necdin interacts with the E3 ligase 

Mdm2 and facilitates the ubiquitination and degradation of the cell cycle regulatory protein 

CCAR1/CARP1 (Francois et al., 2012). Necdin targets the E3 SUMO-ligase PIASI for degradation 

via the ubiquitin-proteasome pathway (Gur et al., 2014). Both CCAR1 and PIASI are pro-apoptotic 

proteins (Francois et al., 2012; Gur et al., 2014). By promoting their degradation, necdin acts to 

suppress cellular apoptosis. Necdin interacts with the E3 RING ligase Praja1 (Doyle et al., 2010), 

however the targets of Necdin-Praja1 mediated ubiquitination are currently unknown. In addition to 

its role in ubiquitination, necdin interacts with and regulates several transcription factors including 

p53, E2F2, E2F4, Dlx2, Dlx5, Msx1, Msx2, ARNT2, HIF1α, and Foxo1 (Friedman and Fan, 2010; 

Kobayashi et al., 2002; Kuwako et al., 2005; Moon et al., 2005; Taniura et al., 1998; Taniura et al., 

1999; Tcherpakov et al., 2002). Through regulation of transcription factors, necdin regulates genes 

involved in cellular growth and apoptosis as well as synaptic marker genes (Kobyashi et al., 2002). 

Necdin complexes with the deacetylase Sirt1 to regulate the transcription factors p53 and Foxo1 

through deacetylation (Hasegawa et al., 2012; Hasegawa and Yoshikawa, 2008). Necdin has also 

been shown to bind DNA itself, competing with the transcription factor Sp1 and repressing gene 

expression (Matsumoto et al., 2002). It is possible that necdin regulates other transcription factors 

through either acetylation or ubiquitination. Through ubiquitination and regulation of transcription 

factors, necdin plays a significant role in cellular differentiation, facilitating the terminal 

differentiation of neuronal, muscle, and adipocyte cells (Bush and Wevrick, 2008; Brunelli et al., 

2004; Kobyashi et al., 2002; Kuwajima et al., 2006; Tseng et al., 2005).  

In addition to its role in cell cycle regulation and cellular differentiation, necdin has a role in 

cell signalling and cellular stress response. Necdin interacts with the EGF receptor (EGFR), 

repressing the EGFR/ERK signalling pathway, which leads to astrocyte differentiation (Fujimoto et 

al., 2016). Necdin also facilitates the interaction between neurotrophic receptors p75 and TrkA as 

well as induces phosphorylation of TrKA, thereby modulating NGF signalling (Kuwako et al., 

2005). Through its regulation of p75 and TrkA, necdin can modulate cellular response to stress 

(Ingraham and Schor, 2009; Ingraham, Wertalik, and Schor, 2011). Necdin can respond to DNA 

damage by regulating the acetylation of p53 (Hasegawa and Yoshikawa, 2008). p53 is a 

transcription factor that regulates neuronal cell apoptosis. DNA damage promotes the acetylation of 

p53, activating the transcription of genes that are proapoptotic. Necdin deacetylates p53 in response 

to DNA damage response promoting cell survival. In addition, necdin is responsible for the 

degradation of the hypoxia-inducible factor 1α (HIF1α) a subunit of the HIF-1 transcription factor 
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(Moon et al., 2005). HIF1α is a transcription factor that mediates the cell’s homeostatic response. 

Under hypoxic conditions, necdin binds with the transcription factors ARNT2 and HIF1α and 

represses their transcriptional activity (Friedman and Fan, 2010). Other MAGE proteins also share 

this role in cellular stress response; MAGEA proteins protect cells from genotoxic stress (Fon Tacer 

et al., 2019), MAGEB2 enhances the activity of the E2F transcription factor in response to stress 

(Peche et al., 2015), and MAGED2 expression is upregulated in kidney cells under stress conditions 

(Valino-Rivas et al., 2018). 

Necdin has also been shown to interact with other MAGE proteins, MAGEG1, MAGED1 

and MAGEL2. Necdin and MAGEG1 act together to bind the transactivation domain of the 

transcription factor E2F1, effectively repressing its transcriptional activity (Kuwako, Tanuria, and 

Yoshikawa, 2004). Through its interactions with MAGED1, necdin regulates the transcription 

factors Dlx2 and Dlx5, enhancing Dlx2 activation of the Wnt1 promoter in GABAergic neurons 

(Kuwajima et al., 2006). Necdin and MAGED1 interact with the transcription factors Msx1 and 

Msx2, to suppress their transcriptional activity, effectively promoting skeletal muscle differentiation 

(Kuwajima et al., 2006). Necdin and MAGED1 also mediate endosomal recycling of the p75 

neurotrophin receptor (Bronfman et al., 2003). Finally, necdin interacts with MAGEL2 to facilitate 

cell surface recycling of the Leptin receptor (Wijesuriya et al., 2017). Necdin and MAGEL2 also 

both bind to the centrosome proteins Fez1 and BBS4, protecting Fez1 from proteasomal degradation 

(Lee et al., 2005). Fez1 is important for axonal outgrowth and elongation in neuronal cells (Lee et 

al., 2005).  

Necdin plays a variety of roles which are critical to the function of developing adipose, 

muscle, and nervous systems. These functions are highly relevant to phenotypes in individuals with 

PWS. However, it is still unclear how loss of necdin contributes to the phenotypes seen in PWS and 

how mutations in necdin might affect its function. In this study, I work with four mutant necdin 

(NDNp.D66N, NDNp.VL109AA, NDNp.R265C, and NDNp.A280P) proteins to examine whether 

the mutations disrupt necdin function (Fig 1.7C). 
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Figure 1.6. Graphical representation of the necdin and MAGEL2 proteins. A) Necdin is a 321 

amino acid protein with a MAGE domain. B) The 5’ end of MAGEL2 was previously not thought to 

be translated. All of the functional work to date has been done using a truncated MAGEL2 (Cterm) 

protein. There is evidence to suggest that the 5’ region of MAGEL2 is translated into a 1249 amino 

acid protein with a proline rich N-terminal region. 
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Figure 1.7. Location of mutations in MAGE proteins. Graphical representation of locations of 

mutations in MAGE proteins. A) MAGED2 mutations identified in individuals with Bartter 

syndrome. B) Location of mutations in MAGEG1 in individuals with LICS. The synthetic mutation 

p.LL96AA was found to be disruptive of MAGEG1 by (Doyle et al., 2010) C) Location of 

mutations in necdin used in this study. The mutation p.D66N was found in the online database 

gnomAD and p.A280P was found in a patient with a Smith-Magenis like phenotype. D) MAGEL2 

mutations identified in individuals with Schaaf-Yang syndrome. There is a mutational hotspot in 

MAGEL2 at nucleotide position c.1996, with the most common mutation identified in individuals 

with SYS being c.1996 dupC (p.Q666Sfs∗47) (green box). The perinatal lethal mutation that occurs 

at the hotspot is c.1996delC (p.Q666Sfs∗36) (black box). Mutations from MAGED2 (red box) and 

MAGEG1 (blue box) are modeled in MAGEL2 and necdin.   
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1.4.2 Ndn mouse models 

In mice, Ndn is located on chromosome 7 (Fig. 1.1B), and there have been several Ndn-null 

mice created. The first Ndn-null mouse, Ndntm1Alb, was made by replacing the open reading frame 

with beta-galactosidase. These mice were normal and displayed no phenotype (Tsai, Armstrong, and 

Beaudet, 1999). The Ndntm1Stw mouse was next created by replacing the open reading frame with 

a lacZ reporter gene and a neomycin resistance cassette (Gerard et al., 1999). The Ndntm2Stw line 

was created by breeding the Ndntm1Stw mice to delete the neomycin resistant cassette since this 

cassette can interfere with transcription of neighbouring loci (Gerard et al., 1999). Ndntm2Stw mice 

die soon after birth due to respiratory defects (Gerard et al., 1999). When this mouse line is crossed 

with a different background, the survival rate increases to 15% and the surviving mice have 

abnormal neuronal architecture and increased adipogenesis (Bush and Wevrick, 2012; Pagliardini et 

al., 2005). The Ndntm1.1Mus mouse line was created by inserting a HK-TK-Neo cassette into the 

Ndn open reading frame and then deleting the neomycin through breeding (Muscatelli et al., 2000). 

These mice had a higher survival rate than the Ndntm2Stw, with 39-69% of the pups surviving and 

the rest dying of respiratory defects. These mice exhibited behavioural abnormalities such as skin 

scraping, had enhanced spatial learning and memory (Muscatelli et al., 2000) and had increased 

apoptosis of neurons (Andrieu et al., 2006) and muscle cells (Deponti et al., 2007). The final mouse 

line, Ndntm1Ky, was developed through the insertion of a Pkg1/Neomycin cassette into the Ndn 

open reading frame (Kuwako et al., 2005). These mice displayed a pain insensitivity, had increased 

apoptosis of neurons, and increased proliferation of adipocytes (Fujiwara et al., 2012; Hasegawa and 

Yoshikawa 2008; Kurita et al. 2006; Kuwako et al., 2005). Overall, the Ndn-null mice recapitulate 

some of the phenotypes observed in PWS and have disrupted nervous system function, which 

indicates that necdin is an important gene for neurodevelopment. 

 

1.5 MAGEL2 

1.5.1 MAGEL2 

MAGEL2 is one of the genes lost in PWS and mutations in MAGEL2 cause SYS. MAGEL2 is 

a 4298 bp gene containing a single exon that encodes a 1249 amino acid melanoma-associated 

antigen gene (MAGE) family protein (Fig. 1.6B). It was previously thought that the 5’ end of 

MAGEL2 was not translated and all functional work was done with the C-terminal portion of the 

protein (Fig. 1.6B). The protein contains several functional domains, including a proline-rich 
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domain (P-rich, pfam15240), a ubiquitin-specific protease (USP7)-binding domain (U7B) and a 270 

amino acid conserved MAGE homology domain (MHD) (Urreitzi et al., 2017). 

In human embryonic tissue, MAGEL2 is expressed in the kidney, brain, liver, muscle, and 

lung. In adult tissue, MAGEL2 is expressed in the brain, spinal cord, and muscle tissue (Kamaludin 

et al., 2016; Lee et al., 2000). MAGEL2 is primarily expressed in the brain, specifically in the 

cerebral cortex, as well as the suprachiasmatic nucleus (SCN) and the arcuate nucleus (ARC) of the 

hypothalamus. In mice, Magel2 is expressed at the embryonic stages E11, E15, and E17 as well as 

adult tissues predominantly in the brain (Fon Tacer and Potts, 2017; Kamaludin et al., 2016; Lee et 

al., 2000).  

Like other MAGE proteins, MAGEL2 functions in moderating ubiquitination of proteins 

through its interactions with E3 RING ubiquitin ligases. However, while many MAGE proteins are 

thought to only bind to one RING ligase protein (Doyle et al., 2010; Lee and Potts, 2017), MAGEL2 

has been shown to bind to the E3 ligases, TRIM27, TRIM32, RBX1, and RNF41. The activity of 

MAGEL2-TRIM27 is required for proper recycling of endosomal proteins through the retromer 

pathway to the trans-Golgi network or to the cell surface (Doyle et al., 2010; Hao et al., 2013). 

MAGEL2 localizes the complex to endosomes through the interaction with the VPS35 component 

of the retromer complex. MAGEL2-TRIM27 is required for WASH mediated F-actin assembly on 

endosomes. By ubiquitinating WASH, MAGEL2-TRIM27 activate WASH mediated assembly of F-

actin on endosomes. Ubiquitination of WASH also causes it to be recycled in the endosomal 

pathway. MAGEL2-TRIM27 also interacts with the deubiquitinase USP7, which is an integral part 

of the MAGEL2-TRIM27 complex, forming what is called the MUST complex (Hao et al., 2015). 

Disruption of USP7 and of the MAGEL2-USP7 interaction impacts actin accumulation and protein 

recycling. Therefore, USP7 is also important for regulation of WASH-mediated protein trafficking. 

In this complex USP7 deubiquitinates both TRIM27 to protect it from autoubiquitination and 

WASH to regulate its activity.  

MAGEL2 complexes with RNF41-USP8 and RBX1-USP7. MAGEL2 interacts with the E3 

ligase RNF41 and the deubiquitinase USP8 to regulate leptin receptor (LepR) recycling to the cell 

surface through mediating the interaction between LepR and the endosomal sorting proteins 

ESCRT-0 and STAM1 (Wijesuriya et al., 2017). Necdin mediates the interaction between LepR and 

the MAGEL2-RNF41-USP8 complex through the LepR adapter protein IRS4 (Wijesuriya et al., 

2017). MAGEL2 is also important for the cellular localization and stability of LepR, RNF41, and 

USP8 (Wijesuriya et al., 2017). The MAGEL2-RBX1-USP7 complex regulates the stability of the 
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circadian rhythm protein CRY1 through ubiquitination (Carias et al., 2020). MAGEL2 also forms a 

complex with two E3 ligases, TRIM27 and TRIM32 to modulate the stability of the BBSome 

protein BBS2, which is important in cilium function and receptor trafficking (Carias, Bischof, and 

Wevrick, 2020). In addition, MAGEL2 also regulates the stability of both TRIM27 and TRIM32. 

Through its role in ubiquitination complexes, MAGEL2 has a variety of cellular functions, which 

are relevant to phenotypes seen in both PWS and SYS, however the mechanisms by which loss of 

MAGEL2 contributes to the phenotypes seen in PWS and SYS remain to be understood. 

 

1.5.2 Mutations in MAGEL2 

Currently there have been over 115 cases of MAGEL2 mutations reported in the literature 

(Fountain et al., 2018) (Table. 1.1). People with truncating mutations in MAGEL2 have more severe 

mutations than those who have whole gene deletions. It is possible that whole gene deletions will 

result in leaky expression of MAGEL2 from the maternal allele. As a single exon gene, 

stop/frameshift mutations in MAGEL2 are not predicted to cause nonsense-mediated RNA decay, 

and mutant MAGEL2 RNA has been detected at a low level in a human fetus carrying p.Q666Sfs∗36 

(Mejlachowicz, et al., 2015). It is thought that these mutant protein products are toxic to the cell. 

There is a wide phenotypic spectrum amongst individuals with SYS, and children with MAGEL2 

mutations have otherwise been diagnosed with severe hypotonia with respiratory distress (Xiao et 

al., 2020), recurrent fetal malformations (Guo et al., 2019), arthrogryposis multiplex congenita and 

endocrine dysfunction (Enya et al., 2018), Chitayat-Hall syndrome (distal arthrogryposis, 

intellectual disability, dysmorphic features and hypopituitarism) (Gregory et al., 2019; Jobling et al., 

2018; Patak et al., 2019), Crisponi/cold-induced sweating syndrome (hyperthermia, camptodactyly, 

feeding, and respiratory difficulties, scoliosis) (Buers et al., 2020), hypotonia/obesity syndrome 

(Kleinendorst et al., 2018), or Opitz trigonocephaly-C (Urreizti et al., 2017). Currently, most of the 

mutations in MAGEL2 occur at the hotspot c.1990-1996 (Fig 1.7D; Table. 1.1), with the most severe 

phenotypes resulting from the c.1996dupC (p.Q666Sfs∗47) mutation and the c.1996delC 

(p.Q666Sfs∗36) being lethal. It seems that the location of the mutation in MAGEL2 is relevant to 

the observed phenotype, and the clinical variability seen in SYS individuals may be due to this. 

Functional work looking at the effect of mutation on MAGEL2 has found that disruption of 

the MHD disturbs the ability of MAGEL2 to function in endosomal sorting and protein stability 

through its interaction with E3-ligase and deubiqutinase complexes (Carias et al., 2020; Hao et al., 

2015; Wijesuriya et al., 2017). We found that mutations in the MHD of MAGEL2 impair the ability 
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of MAGEL2 to promote the cell surface expression of the leptin receptor and to regulate the 

deubiquitination and stability of the circadian rhythm protein CRY1 and the Bardet-Biedl syndrome 

protein BBS2 (Carias et al., 2020; Carias, Bischof, and Wevrick, 2020; Wijesuriya et al., 2017). 

Two of the MAGEL2 mutations that have been previously modeled are used in my work (Fig. 1.7D) 

(MAGEL2p.LL109AA and MAGEL2p.R265C).   
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Mutation cDNA Amino Acid Mutation Patients Source publication 

c.224delC p.P75* 1 McCarthy et al., 2018 

c.390delA p.H130Ifs*106 1 McCarthy et al., 2018 

c.1621C>T p.G541* 1 McCarthy et al., 2018 

c.1628delC p.P543Lfs*159 1 McCarthy et al., 2018 

c.1652delT p.D551Vfs*150 1 McCarthy et al., 2018 

c.1690C>G p.P564A 1 McCarthy et al., 2018 

c.1797_1820del p.I599_Q607del 1 McCarthy et al., 2018 

c.1802delC p.P601Qfs*100 2 McCarthy et al., 2018 

c.1801_1802del p.P601Nfs*110 2 McCarthy et al., 2018 

c.1813G>T p.E605* 1 McCarthy et al., 2018 

c.1900G>T p.E634* 1 McCarthy et al., 2018 

c.1906C>T p.Q636* 1 McCarthy et al., 2018 

c.1912C>T p.Q638* 5 McCarthy et al., 2018 

c.1958_1962del5 p.P654Lfs*57 2 McCarthy et al., 2018 

c.1990_1991delinsA p.P664Tfs*36 1 McCarthy et al., 2018 

c.1996dupC p.Q666Pfs*47 61 McCarthy et al., 2018 

c.1996delC p.Q666Sfs*36 5 McCarthy et al., 2018 

c.1996C>T p.Q666* 2 McCarthy et al., 2018 

c.2015delC p.G672Vfs*28 1 McCarthy et al., 2018 

c.2056_2066del p.A687Wfs*21 1 McCarthy et al., 2018 

c.2113_2114del p.N705Ffs*4 1 McCarthy et al., 2018 

c.2118delT p.L707Wfs*6 1 McCarthy et al., 2018 

c.2153C>A p.S718* 1 McCarthy et al., 2018 

c.2163C>A p.E721* 1 McCarthy et al., 2018 

c.2179_2180del p.D727Pfs*4 1 McCarthy et al., 2018 

c.2296C>T p.R766* 1 McCarthy et al., 2018 

c.2861_2862insG p.T954Mfs*28 1 McCarthy et al., 2018 

c.2873G>A p.W958* 1 McCarthy et al., 2018 

c.2894G>A p.W965* 1 McCarthy et al., 2018 

c.2958delG p.E987Gfs*12 1 McCarthy et al., 2018 

c.2989G>A p.A997T 1 McCarthy et al., 2018 

c.3019 C > T p.Q1007* 1 Hidalgo-Santos et al., 2018 

c.3031A>T p.K1011* 1 McCarthy et al., 2018 

c.3070delG p.A1025Qfs*7 1 McCarthy et al., 2018 

c.3122delT p.V1041Afs*7 1 Patak et al., 2019 

c.3124C>T p.A1042* 3 McCarthy et al., 2018 

c.3131C>A p.S1044* 1 McCarthy et al., 2018 

c.3169G>T p.Q1057* 1 Patak et al., 2019 

c.3181_3182del p.I1062Hfs*5 1 McCarthy et al., 2018 

c.3208G>T p.E1070* 1 McCarthy et al., 2018 

c.3235G>T p.E1079* 2 McCarthy et al., 2018 

c.3607A>T p.K1203* 1 McCarthy et al., 2018 

 

Table 1.1. List of mutations in MAGEL2. All mutations identified in MAGEL2 and the number of 

patients identified with the mutation.  
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1.5.3 Magel2 mouse models 

In mice, Magel2 is located on chromosome 7 (Fig. 1.1B) and shares high sequence similarity 

to human MAGEL2 (Boccacio et al., 1999)(Lee 2000 PMID: 10915770). There are currently two 

mouse models in existence; the Magel2tm1Stw which carries a lacZ insertion in the C-terminus of 

Magel2, replacing the MHD (JAX stock: 009062) (Bischof, Stewart, and Wevrick, 2007; Kozlov et 

al., 2007) and the Magel2tm.1.1Mus which carries a deletion of the promoter and most of the open 

reading frame (Schaller et al., 2010). Most of the studies on mice have used the Magel2tm1Stw line. 

Studies in mice indicate a critical role for the MAGEL2 in normal development and function of the 

nervous and endocrine systems, muscle, and bone. Magel2tm1Stw mice have phenotypes reminiscent 

of SYS, including perinatal lethality and behavioral abnormalities (Baraghithy et al., 2018; Bischof, 

Stewart and Wevrick, 2007; Fountain et al., 2017; Kamaludin et al., 2016; Kozlov et al., 2007; 

Luck, Vitaterna, and Wevrick, 2016; Mercer et al., 2009; Mercer and Wevrick, 2009; Mezaine et al., 

2015; Oncul et al., 2018; Pravdivyi et al., 2015; Schaller et al., 2010; Tennese and Wevrick, 2011) 

and abnormal body composition, endocrine dysfunction, reduced brain volume, low muscle tone and 

scoliosis (Bischof, Stewart and Wevrick, 2007; Kamaludin et al., 2016; Kozlov et al., 2007; Mercer 

et al., 2009; Mercer and Wevrick, 2009; Luck, Vitaterna, and Wevrick, 2016; Pravdivyi, Ballanyi, 

Colmers, and Wevrick, 2015; Tennese and Wevrick, 2011). The second mouse line, Magel2tm1.1Mus, 

has sucking defects that lead to 50% neonatal lethality in pups (Schaller et al., 2010). Those pups 

that survive have social deficits in both recognition and interaction as well as reduced learning 

ability (Meziane et al., 2015). The mouse models support that disruption of MAGEL2 could be 

contributing to the phenotypes seen in both PWS and SYS. These mouse models will be important 

in understanding the mechanisms by which loss of MAGEL2 contributes to PWS and causes SYS.  

  

1.6 Methods to Identify Protein Interactions 

1.6.1 Considerations when identifying protein interactions 

Identifying a protein’s interaction network is an important step to understanding its role in 

the cell, as protein interactions are crucial to many biological processes. Protein interactions can be 

unique, with differing degrees of specificity and affinity. Proteins themselves vary in size, charge, 

structure, and can have a variety of post-translational modifications. When choosing a method to 

detect protein interactions one must consider the concentrations of both the bait and prey proteins, 
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the chemical composition of the wash buffers, the volume and frequency of washes, as well as the 

temperature and length of time allowed for bait-prey interactions (Howell et al., 2006). With all 

these things in mind, it can be challenging to study protein interactions in the cell. Different assays 

are better suited to individual proteins and their sets of interactions. It is possible that using one 

method to study protein interaction will not be adequate to capture all a protein’s interactions. 

Therefore, it is best to use multiple methods to capture the variety of interactions a protein may be 

having in the cell.  

 

1.6.2 Methods to identify protein interactions 

There are a variety of methods to identify protein interactions. One of the first developed and 

most commonly used methods is the two-hybrid method, of which there are a number of variations. 

Two-hybrid methods are ideal for scanning a large number of proteins. However, two-hybrid 

techniques have been criticized for their high number of false positives. Traditional two-hybrid 

assays are typically only useful for cytoplasmic proteins and not useful for identifying interactions 

for membrane-bound proteins. However, variations on the two-hybrid approach, such as the split-

ubiquitin and the APEX 2-hybrid, address this issue (Jeong et al., 2007; Stagligar et al., 1998).  

Co-immunoprecipitation (co-IP) is another commonly used technique to study protein 

interactions. A benefit to employing this method is that by using an antibody, it is possible to 

examine endogenous interactions of a protein in its natural state. However, the epitope that an 

antibody binds to may not be exposed in certain complexes, resulting in failure to 

immunoprecipitate those proteins. Making an antibody is not possible for all proteins, meaning that 

in these cases, to perform a co-IP, an epitope-tagged protein must be used. A method similar to co-

IP is tandem affinity purification (TAP). An advantage of TAP is that by preforming two 

purification steps, the amount of background contaminants is lowered. The two-hybrid, co-IP, and 

TAP techniques all use epitope-tagged proteins, which usually means they are transiently 

transfected. Expression of fusion proteins is not ideal because overexpression of protein results in 

higher than normal concentration of a protein in the cell; as a result, this can lead to interactions that 

would not normally occur. A fusion protein may not have the same cellular localization as the 

untagged protein, or the tag may obscure binding domains required for protein interactions. Co-IP 

and TAP may not be suitable for transient or weak protein interactions, as proteins must form a 

stable complex to be purified. Crosslinking and proximity-based labeling are methods able to 

identify transient or weak interactions. Proximity-based assays include BioID, APEX, and TurboID. 
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A downside to these methods is that proteins that are not necessarily physically interacting or 

complexing are identified. Often, a combination of different methods will be used to identify and 

confirm protein interactions in the cell.  

 

1.6.3 Proximity dependent biotin identification (BioID) 

Proximity dependent biotin identification (BioID) is a method that was developed to analyze 

proteins in the context of their interaction network (Fig. 1.8) (Roux et al., 2012). BioID works by 

fusing the bait protein of interest to a biotin ligase, BirA*. Originally the BirA* protein was a 

mutant form of the Escherichia coli protein BirA. A newer technique, BioID2, now utilizes a biotin 

ligase derived from Aquifex aeolicus because it is one third the size of the original BirA* (Kim et 

al., 2016). BirA* is a promiscuous biotin ligase that will non-specifically biotinylate proteins within 

a 10 nm radius. If a larger labeling radius is desired, there is a BirA* that is fused to an extended 

linker sequence (Kim et al., 2016). In BioID, when the BirA*-fusion protein is expressed, the media 

is supplemented with excess biotin to allow for the biotinylation to occur. Typically, fusion proteins 

are expressed over a 24-hour period. Cell lysates are probed with streptavidin beads to identify 

proximally biotinylated proteins. Proteins can then be identified by on-bead tryptic digestion 

coupled with mass spectrometry (MS) or SDS-PAGE separation of protein bands followed by the 

identification of proteins via MS. BioID is advantageous because it can identify protein interactions 

over a period of time, allowing for the detection of weak or transient protein interactions. BioID is 

also not dependent on the solubility of proteins and their respective complexes since all the labeled 

proteins are denatured and solubilized. However, one limitation of this method is that it relies on the 

expression of a fusion protein, which can result in altered localization of the bait. Target proteins 

may also not have the required residues for biotinylation, and therefore can be missed by this 

method. Other methods of proximity-based labeling include TurboID and APEX. Both employ the 

same means of proximity-based biotinylation as BioID. The APEX protein is faster at labeling than 

the BirA but has a greater labeling radius (Trinkle-Mulcahy, 2019). TurboID is a newer 

modification of the BioID method, with much faster labeling when compared to BioID (Branon et 

al., 2018). Overall, BioID is an efficient way to examine a protein’s interaction network in the cell 

that is compatible with many different types of proteins.    
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Figure 1.8. Labeling of proteins via proximity dependant biotinylation (BioID). Flp-In T-Rex 

293 cells were stably transfected with BirA*-fusion proteins. Expression of BirA*- fusion proteins 

is induced with tetracycline for 24 hours and cell media is supplemented with excess biotin. Cells 

are then lysed and lysates are probed with streptavidin beads. Proteins are removed from the beads 

using tryptic digestion and identified via mass spectrometry.  
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1.7 Aims and Hypothesis 

The aim of this project was to understand how loss of necdin and MAGEL2 contribute to 

PWS and why mutations in MAGEL2 cause SYS. When I initially started my work, SYS had 

recently been identified. Phenotypic characterization of the Magel2-null mouse revealed that loss of 

Magel2 in mice recapitulated phenotypes observed in SYS and indicated that MAGEL2 was 

important to brain, muscle and bone development. There was little known about the role that 

MAGEL2 played in the cell, but the MAGEL2-TRIM27-USP7 complex and its role in WASH 

dependent endosomal recycling had been characterized. There had been quite a bit of work done to 

characterize the function of necdin in the cell, and it had been shown to be responsible for pathways 

relevant to PWS such as cellular differentiation and apoptosis of neuronal, muscle and adipocyte 

cells. Both proteins were known to function in pathways relevant to PWS and SYS, but the 

mechanisms by which disruption of these genes contributed to the phenotypes seen in these 

disorders remained elusive. Some of the work that was done to understand the cellular function of 

necdin and MAGEL2 was done by first identifying novel protein interactions. My project aimed to 

expand on what was known about both necdin and MAGEL2 in the cell by further examining their 

protein interaction networks. Mutations in NDN were identified in individuals with ASD-like 

phenotypes and multiple mutations were identified in MAGEL2 in individuals with SYS. However, 

there is no functional assay to evaluate the impact of clinical mutations in either protein, so I sought 

to develop one through my work. I chose to use a proximity dependent biotinylation (BioID) assay 

to determine protein interaction networks for both MAGEL2 and necdin. I hypothesized that I would 

identify novel E3-ligases, deubiquitinases, and substrates proximal to both MAGEL2 and necdin 

that were involved in a variety of pathways (Fig. 1.9). I also hypothesized that mutations in both 

proteins would disrupt protein interactions and that this would be detectable via BioID (Fig. 1.9). 
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Figure 1.9. Identification of necdin and MAGEL2 interacting proteins via BioID. I aimed to 

expand the protein interaction networks of both necdin and MAGEL2 using BioID. I anticipated that 

I would identify proteins involved in pathways that necdin and MAGEL2 had been previously 

implicated in, as well as novel interacting proteins. I also anticipated that mutant necdin and 

MAGEL2 would have altered proximity to proteins indicative of disrupted function. 
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Chapter 2. Materials and Methods 

2.1 Plasmid construction 

Plasmids NDN-FLAG-BirA*, FLAG-BirA*-CtermMAGEL2, and FLAG-BirA*-MAGEL2 

were created in pDEST-pcDNA5-BirA*-FLAG (Couzens et al. 2013; Wijesuriya et al. 2017). 

pENTR clones containing NDNp.D66N, NDNp.VL109AA, NDNp.R265C, and NDNp.A280P were 

created in the WT pENTR-NDN cDNA (DNASU Clone: HsCD00288756) by site-directed 

mutagenesis. Variants were as follows: p.Asp66Asn (dbSNP variant rs772214524, p.D66N, 

c.G196A), p.Val109_Leu110delinsAlaAla (p.VL109AA, c.[T326C;C328G;C329T]), p.Arg265Cys 

(p.R265C, c.[C793T;G795T] and p.Ala280Pro (p.A280P, c.G838C). pENTR clones containing 

CtermMAGEL2p.LL1031AA and CtermMAGELp.R1187C were created in the WT pENTR-

CtermMAGEL2cDNA (DNASU Clone: HsCD00295122) by site-directed mutagenesis. Variants in 

MAGEL2 (NCBI Reference Sequences: NM_019066.5 and NP_061939.3) were as 

follows:p.Leu1031_Leu1032delinsAlaAla(p.VL1031AA, c.[C1281CG;T1282C;C1284G;T1285C]), 

and p.Arg1187Cys (p.R1187C, c.[C1750T;A1752T]. In brief, tail-to-tail oligonucleotide primers 

containing the desired missense mutation were used for PCR amplification of pENTR-NDN and 

pENTR-CtermMAGEL2. The PCR product was digested with DpnI, phosphorylated and 

recircularized by ligation. The presence of the respective mutations was confirmed by sequencing. 

WT and variant cDNAs were transferred to pDEST-pcDNA5-BirA*-FLAG using Gateway 

recombinational cloning. Plasmids pOG44, pDEST-pcDNA5-BirA*-FLAG, and pDEST-pcDNA5-

BirA*-FLAG-GFP (Couzens et al. 2013) were provided by Dr. A-C Gingras. Xpress-NDN was 

created by cloning NDN into the pcDNA4 HisMax mammalian expression vector containing an C-

terminal Xpress epitope tag. NDN-FLAG was created by cloning NDN into pDEST-pcDNA5-

FLAG. HA-SYAP1 was created by cloning the full length SYAP1 cDNA into a pCI-HA vector with 

an N-terminal HA tag. V5-tagged constructs were made by cloning NDN, MAGEL2, 

CtermMAGEL2, PAIP2 (DNASU: HsCD00351529), EID1 (HsCD00513685), PITX2 

(HsCD00042427) or USP7 (HsCD00294955) into a pcDNA vector containing a V5 epitope tag. 

FLAG-YTHDF1, FLAG-YTHDF2, and FLAG-YTHDF3 were provided by Dr. Chuan He (Shi et 

al., 2017). HA-Ubiquitin was obtained from Addgene (#17608). 
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2.1.1 List of plasmids used 

Name Plasmid Tag Insert Location of Tag Source 

BirA-FLAG-

NDN 

BirA-FLAG FLAG NDN N terminus Made for this thesis 

BirA-FLAG-

NDND66N 

BirA-FLAG FLAG NDN p.D66N N terminus Made for this thesis 

BirA-FLAG-

NDNVL109

AA 

BirA-FLAG FLAG NDN 

p.VL109AA 

N terminus Made for this thesis 

BirA-FLAG-

NDNR265C 

BirA-FLAG FLAG NDN p.R265C N terminus Made for this thesis 

BirA-FLAG-

NDNA280P 

BirA-FLAG FLAG NDN p.A280P N terminus Made for this thesis 

BirA-FLAG-

MAGEL2 

BirA-FLAG FLAG MAGEL2 C terminus Made for this thesis 

BirA-FLAG-

CtermMAG

EL2 

BirA-FLAG FLAG Cterm 

MAGEL2 

C terminus Made for this thesis 

BirA*-

FLAG-

GFP 

BirA-FLAG FLAG GFP N terminus Dr. A-C Gingras 

BirA-FLAG-

CtermMAG

EL2LL1031

AA 

BirA-FLAG FLAG Cterm 

MAGEL2 

p.LL1031AA 

C terminus Made for this thesis 

BirA-FLAG-

CtermMAG

EL2R1187C 

BirA-FLAG FLAG Cterm 

MAGEL2 

p.R1187C 

C terminus Made for this thesis 

FLAG-NDN pDEST-pcDNA5 FLAG NDN N terminus Made for this thesis 

FLAG-

NDND66N 

pDEST-pcDNA5 FLAG NDN p.D66N N terminus Made for this thesis 

FLAG-

NDNVL109

AA 

pDEST-pcDNA5 FLAG NDN 

p.VL109AA 

N terminus Made for this thesis 

FLAG-

NDNR265C 

pDEST-pcDNA5 FLAG NDN p.R265C N terminus Made for this thesis 

FLAG-NDN 

A280P 

pDEST-pcDNA5 FLAG NDN p.A280P N terminus Made for this thesis 

V5-NDN pcDNA 3.2-DEST V5 NDN N terminus Previously existed 

in lab 

FLAG-

MAGEL2 

pDEST-pcDNA5 FLAG MAGEL2 C terminus Made for this thesis 

FLAG-

CtermMAG

EL2 

pDEST-pcDNA5 FLAG Cterm 

MAGEL2 

C terminus Made for this thesis 

FLAG-

CtermMAG

EL2 

LL1031AA 

pDEST-pcDNA5 FLAG Cterm 

MAGEL2 

p.LL1031AA 

C terminus Made for this thesis 

FLAG-

pMAGEL2 

R1187C 

pDEST-pcDNA5 FLAG Cterm 

MAGEL2 

p.R1187C 

C terminus Made for this thesis 

V5-

MAGEL2 

pcDNA 3.2-DEST V5 MAGEL2 C terminus Previously existed 

in lab 
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Name Plasmid Tag Insert Location of Tag Source 

V5-

CtermMAG

EL2 

pcDNA 3.2-DEST V5 V5-pMAGEL2 C terminus Previously existed 

in lab 

FLAG-

YTHDF1 

pPB-CAG FLAG YTHDF1 N terminus Dr. Chuan He 

FLAG-

YTHDF2 

pPB-CAG FLAG YTHDF2 N terminus Dr. Chuan He 

FLAG-

YTHDF3 

pPB-CAG FLAG YTHDF3 N terminus Dr. Chuan He 

FLAG-

PAIP2 

pDEST-pcDNA5 FLAG PAIP2 C terminus Made for this thesis 

V5-PAIP2 pcDNA 3.2-DEST V5 PAIP2 C terminus Made for this thesis 

V5-USP7 pcDNA 3.2-DEST V5 USP7 N terminus Previously existed 

in lab 

V5-EID1 pcDNA 3.2-DEST V5 EID1 C terminus Made for this thesis 

V5-PITX2 pcDNA 3.2-DEST V5 PITX2 C terminus Made for this thesis 

Xpress-NDN pcDNA4 Xpress NDN C terminus Previously existed 

in lab 

HA-SYAP1 pCI-HA HA SYAP1 N terminus Previously existed 

in lab 

HA-

Ubiquitin 

pRK5 HA Ubiquitin C N terminus Addgene 

 

2.1.2 List of primers used 

Primer Sequence 

NDN D66N F /5Phos/AA CCC GAA GGC CCT GCA GCA G 

NDN D66N R /5Phos/GC CCT CGT CGT TCG GGG CCT GGG G 

NDN VL109AA F /5Phos/GC GGC GGT CAA GGA CCA 

NDN VL109AA R /5Phos/GT ACC ACA TGA GCT CGT GCG C 

NDN R265C F /5Phos/TG TGC CAG CCG CGA AAT C 

NDN R265C R /5Phos/GG AGC CCC AAA AGA ACT CGT ATT C 

NDN A280P F /5Phos/CC CAG GGT CTT TAA GAA AGA CCC CC 

NDN A280P R /5Phos/CA GGA ACT CCA TGA TTT GCA TCT TG 

MAGEL2 SDM2 /5Phos/GAA CTG CAC CAA CGC ATT TGC 

MAGEL2 SDM3 /5Phos/tGt GCA TTC CTG GAA ACC AGC 

MAGEL2 SDM4 /5Phos/AGG GCC CCA GAG GAA CTC ATA C 

 

2.2 Cell culture, cell lines and transfections 

Tissue culture reagents were from Thermo-Fisher Scientific unless otherwise stated. Flp-In 

T-Rex 293 cells (Invitrogen) were cultured in Dulbecco’s modified Eagle medium (DMEM) 

supplemented with 10% fetal bovine serum, 1% l-glutamine, and 1% penicillin/streptomycin at 37℃ 

with 5% CO2. Flp-In T-Rex 293 cells were maintained in zeocin (100 µg/ml) and blasticidin (15 

µg/ml) (Gupta et al. 2015; Lambert et al. 2015). To generate stable cell lines, Flp-In T-Rex 293 cells 

were seeded at a density of 1 x 105 cells per well in a 6 well plate and co-transfected 24 h later with 

pOG44 and pcDNA FLAG-BirA* constructs at a ratio of 9:1 using FuGENE6 (Promega E2691). 
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Cells were then cultured in media without zeocin or blasticidin, but with hygromycin (100 µg/ml) to 

select for cells carrying stable integration of the construct.  

Human osteosarcoma (U2OS) cells were seeded at a density of 3x105 cells per well in a 6-

well plate 24 h before transient transfection with Effectene (Qiagen). Media was removed from the 

plates, cells were washed with 1 ml phosphate-buffered saline (PBS), and replaced with fresh media. 

Cells were transfected with a ratio of 1:6.4:8 of DNA: Enhancer: Effectene. First, 0.8 µg of plasmid 

is diluted in 100 ul of Buffer EC. Next, 6.4 µl of Enhancer was added and the mixture was vortexed 

and incubated at room temperature for 5 m. Effectene reagent was then added and pipetted up and 

down then incubated at room temperature for 10 m. 600 µl of was added to the mixture then added 

drop wise to each well. Cells were incubated for 24 h before collection. 

293 cells were seeded at a density of 3x105 cells per well in a 6-well plate 24 h before 

transfection with Fugene6 (Promega). Cells were transiently transfected with a ratio of 1:3:50 of 

DNA: Fugene6: serum free media. First, 3 µl of Fugene6 was added to 50 ul of serum free media 

and incubated for 5 min at room temperature. Then 1 µg of DNA was added and incubated for 15 

min at room temperature. Cells were incubated for 24 h before collection. 

 

2.2.1 Cell lines used 

Cell line Used for Source 

U-2OS (also known as 

U2OS) 

Immunoblotting, Immunofluorescence, Co-IP, 

Abundance assay 

ATCC cell line HTB-96 

HEK293 (also known as 

293) 

Immunoblotting, Immunofluorescence, Ubiquitination 

assay 

ATCC cell line CRL-1573 

Fibroblasts Immunoblotting Coriell Institute for Medical 

Research 

Flp-In T-Rex 293 BioID, Stress experiments, Immunoblotting, 

Immunofluorescence 

Invitrogen #R78007 
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2.2.2 Stable cell lines used 

Cell line Stably transfected construct Referred to as 

Flp-In T-Rex 293 NDN- BirA*-FLAG 293-NDN 

Flp-In T-Rex 293 NDND66N- BirA*-FLAG 293-NDND66N 

Flp-In T-Rex 293 NDNVL109AA- BirA*-FLAG 293-NDNVL109AA 

Flp-In T-Rex 293 NDNR265C- BirA*-FLAG 293-NDNR265C 

Flp-In T-Rex 293 NDNA280P- BirA*-FLAG 293-NDNA280P 

Flp-In T-Rex 293 BirA*-FLAG-CtermMAGEL2 293-CtermMAGEL2 

Flp-In T-Rex 293 BirA*-FLAG-CtermMAGEL2VL1031AA 293-CtermMAGEL2VL1031AA 

Flp-In T-Rex 293 BirA*-FLAG-CtermMAGEL2 R1187C 293-CtermMAGEL2R1187C 

Flp-In T-Rex 293 BirA*-FLAG-MAGEL2 293-MAGEL2 

Flp-In T-Rex 293 FLAG-MAGEL2 293-FLAG-MAGEL2 

Flp-In T-Rex 293 BirA*-FLAG-GFP 293-BirA*-GFP 

U2OS pLKO.1-puro NDN shRNA clone # TRCN000020084 shRNA NDN 

 

2.3 Proximity-dependent biotin identification (BioID) coupled to affinity 

capture and mass spectrometry (MS). 

Stably transfected 293 cells were cultured in 10 cm dishes and incubated overnight with 1 

µg/ml tetracycline and 50 µM biotin. Necdin Stress experiments were performed as previously 

described (Youn et al., 2018). Stably transfected 293-NDN cells were incubated in tetracycline-

containing media for 24 h, then for 30 min with 0.5 mM sodium arsenite, then biotin was added to 

the media for 3 h. MAGEL2 stress experiments were performed by incubating in tetracycline-

containing media supplemented with biotin for 24 h, then placed in a 42℃ water bath for 1 h. Cells 

were harvested after removal from the water bath. For all experiments, the cells were washed twice 

with 10 ml PBS to remove excess biotin prior to collection. BioID was adapted from previously 

described method (Roux et al. 2012; Wijesuriya et al. 2017) , with the following modifications: cells 

were lysed in 2.2 ml of lysis buffer (50 mM Tris HCl, 500 mM NaCl, 0.2% SDS, 2% Triton-X, pH 

8.0, 1x Complete mini protease inhibitor (Roche)), then 150 µl of streptavidin sepharose beads were 

used for affinity capture.  

Processed samples were then delivered to the proteomics facility for further analysis as 

follows. The beads were washed 4 times with 100 mM ammonium bicarbonate (AmBic), then 

reduced (10 mM beta-mercaptoethanol in 100 mM AmBic) and alkylated (55 mM iodoacetamide in 

100 mM AmBic). Trypsin (150 l of 6 ng/l, Promega Sequencing grade) was added and the 
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digestion was allowed to proceed overnight (~16 h) at 30C.  The supernatant was collected and the 

beads were washed with 100 L of extraction buffer (97% water/2% acetonitrile/1% formic acid) 

followed by a second 100 l wash with 50% extraction buffer and 50% acetonitrile. Both washes 

were combined with the initial supernatant and the samples were then dried under vacuum and then 

dissolved in 80 l 0.3% formic acid.   

Samples were resolved and ionized by using nanoflow HPLC (Easy-nLC II, Thermo 

Scientific) with a PicoFrit fused silica capillary column (ProteoPepII, C18) with 100 μm inner 

diameter (300Å, 5μm, New Objective) coupled to an LTQ XL-Orbitrap hybrid mass spectrometer 

(Thermo Scientific). Peptide mixtures were injected (10 l) onto the column and resolved at 500 

nl/min using a 60 min linear gradient from 0 to 35% v/v aqueous ACN in 0.2% v/v formic acid. The 

mass spectrometer was operated in data-dependent acquisition mode, recording high-accuracy and 

high-resolution survey Orbitrap spectra using external mass calibration, with a resolution of 30,000 

and m/z range of 400–2000. The fourteen most intense multiply charged ions were sequentially 

fragmented by using collision induced dissociation.  Data was processed using Proteome Discoverer 

1.4 (Thermo Scientific) and a human proteome database (UniProt) was searched using SEQUEST 

(Thermo Scientific). Search parameters included a precursor mass tolerance of 10 ppm and a 

fragment mass tolerance of 0.8 Da. Peptides were searched with carbamidomethyl cysteine as a 

static modification and oxidized methionine and deamidated glutamine and asparagine as dynamic 

modifications.  

 

2.4 Data processing of mass spectrometry outputs. 

Individual reports for NDN, MAGEL2, CtermMAGEL2, each NDN variant, and each 

CtermMAGEL2 variant were compiled into a multiconsensus report to facilitate comparisons among 

triplicate samples. Commonly identified contaminating proteins (keratins, acetyl-CoA carboxylase 

alpha, acetyl-CoA carboxylase beta, pyruvate carboxylase, propionyl-CoA carboxylase, and 

methylcrotonyl-CoA carboxylase 1) were removed. We then consulted lists of proteins identified in 

similar BioID studies (CRAPome (Mellacheruvu et al. 2013)) and removed proteins from the reports 

that fit the following parameters: epitope tag BirA*-FLAG, cell type HEK293, and affinity approach 

streptavidin, score of 50 or greater. Known and predicted protein-protein interactions were analyzed 

using STRING version 10.5 (string-db.org). Interactions that were based on experiments rather than 

on text-mining or co-expression were included, and the minimum required interaction score was set 
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to the default value (medium confidence, 0.4). STRING diagrams were visualized and formatted 

using Cytoscape (Shannon et al., 2003).  

Gene ontology term enrichment amongst proximal proteins was examined using the 

Cytoscape app ClueGo (Bindea et al., 2009). Gene ontology terms used to search were Biological 

pathways and Molecular function in addition to the Reactome Pathway terms.  

 

2.5 Immunoblotting  

Cell lysates were collected 24 h after transfection. Media was removed from the 6 well plates 

and cells were washed 2 x 5 min with PBS. Cells were lifted from the plated by adding 200 µl of 

Trypsin to each well. Cells were incubated for 2 m at 37℃ then 800 µl of media was added to stop 

the trypsinization. Cells were collected in 1.5 ml tubes, spun at 420 x g for 6 min, and washed with 

PBS three times.  Cells were then resuspended in 2x modified sample buffer (MSB, 20% glycerol, 

4% SDS, 130 mM Tris-HCl, pH 6.8) with Complete Mini Protease Inhibitor (Roche Applied 

Science), sonicated (3 x 5 sec on/5 sec off), heated to 65°C, and spun at 20 800 x g for 10 min. Next, 

2% beta-mercaptoethanol and 1% bromophenol blue were added, and samples were boiled for 5 

min. Protein was quantified using a BCA protein assay (Pierce). Equal amounts of protein were 

loaded into each lane and resolved on 7.5-12% SDS-PAGE gels. Protein was transferred to PVDF 

membranes and immunoblotted.  

Primary antibodies used were: mouse anti-V5 (Abcam #ab27671, 1:5000), rabbit anti-FLAG 

(Sigma #F7425, 1:5000), rabbit anti-YTHDF2 (proteintech #24744-1AP, 1:5000) and rabbit anti-

PAIP2 (Invitrogen #PA5-98807, 1:5000) and HRP-conjugated anti-actin antibodies (Sigma #A3854, 

1:10 000). Blots were incubated in primary antibodies overnight at 4°C. Blots were washed 3 x 10 

min in Tris-buffered saline-Tween (TBST, 137 mM NaCl, 0.1% Tween-20, 20 mM Tris-HCl, pH 

7.5) and incubated in secondary antibody for 1 h at room temperature. Secondary antibodies used 

were: HRP-linked donkey anti-rabbit IgG (Amersham Pharmacia Biotech #NA934, 1:5000) and 

HRP- linked sheep anti-mouse (Amersham Pharmacia Biotech #RPN4201, 1:5000). Antibodies 

were prepared in TBST plus milk powder (TBST-M, 5% non-fat dry milk powder in 137 mM NaCl, 

0.1% Tween-20, 20 mM Tris-HCl, pH 7.5).  

Blots were incubated at room temperature in Immobilon Western Chemiluminescent HRP 

substrate (Millipore) for 5 min. Signals on immunoblots were visualized on a Kodak imager and 

signal intensities were measured by NIH Image J. Student t test was used to test whether there were 

differences between two groups of triplicate or quadruplicate samples, with P<0.05 used as a 
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standard for statistical significance. Two-way analysis of variance (ANOVA) test was used to test 

whether there were differences between more than two groups of triplicate samples, with P<0.05 

used as a standard for statistical significance. Signals on immunoblots were visualized on a Kodak 

imager.  

 

2.6 Immunofluorescence  

293 and U2OS cells, seeded at a density of 1x105 cells per well, were grown and transfected 

on autoclaved coverslips in 6 well plates. 293 cells were grown on coverslips pre-coated in poly-L 

lysine to ensure cells adherence to the cover slips. 24 h after transfection, media was removed, and 

cells were washed 2 x with PBS for 5 min at room temperature. Cells were then fixed onto 

coverslips in 4% PFA for 15 min. Cells were washed in PBSX 3x for 5 min. Cells were blocked in 

5% bovine serum albumin in PBSX (PBS, 0.05% Triton X-100) for 15 min. Blocking solution was 

removed and coverslips were incubated for 1 h at room temperature in primary antibodies (rabbit 

anti-FLAG (Sigma #F7425, 1:1000) or mouse anti-V5 (Abcam #ab27671, 1:1000) prepared in 5% 

bovine serum albumin in PBSX (PBS, 0.05% Triton X-100), and washed in PBSX at 2 x 5 min. 

Cells were incubated for 1 h at room temperature in secondary antibodies (Alexa Fluor 488 goat 

anti-rabbit (Thermofisher Scientific #A-11034, 1:1000), Alexa Fluor 594 goat anti-rabbit 

(Thermofisher Scientific #A-11012, 1:1000), Alexa Flour 488 goat anti-mouse (Thermofisher 

Scientific #A-11001, 1:1000), or Alexa Fluor 594 goat anti-mouse (Thermofisher Scientific #A-

11005, 1:000) prepared in PBSX with 1% normal goat serum. Coverslips were protected from light 

during the incubation with the secondary antibody.  Coverslips were mounted onto glass slides using 

ProLong Gold antifade reagent with DAPI (Thermofisher Scientific #P36931) and sealed using clear 

nail polish. Slides were stored in slide box at -20°C. Transfected cells on coverslips were imaged 

using a Zeiss LSM 700 confocal microscope with a 40x or 63x oil immersion lens (N. A. 1.4 oil).   
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2.6.1 List of Antibodies used 

Antibody Source Catalogue 

Number 

Immunoblot 

Concentration 

Immunofluorescence 

Concentration 

Primary Antibodies     

Anti-FLAG Rabbit  

polyclonal 

Sigma F7425 1:5000 1:1000 

HA-probe  Mouse 

monoclonal 

Santa Cruz 

Biotechnology  

Sc-805  

1:5000  

Anti-V5    
 

Mouse 

monoclonal 

Abcam #ab27671 1:5000 1:1000 

Anti-Xpress Mouse 

monoclonal 

Invitrogen #R910-

25 

1:5000  

Anti-PAIP2 Rabbit 

polyclonal 

Sigma P0087 1:5000  

Anti-YTHDF2 Rabbit 

polyclonal 

Proteintech 24744-

1-AP 

1:5000  

Secondary Antibodies     

Horseradish Peroxidase-

linked donkey anti-rabbit 

IgG  

 

Donkey Amersham 

Pharmacia Biotech  

#NA934  

1:5000  

Horseradish Peroxidase - 

linked sheep anti-mouse 

IgG  

 

Sheep Amersham 

Pharmacia Biotech 

#RPN4201  

 

1:5000  

Goat anti-Rabbit IgG 

(H+L) Highly Cross-a  

Absorbed Secondary 

Antibody, Alexa Fluor 

488  

Goat Thermofisher 

Scientific  

#A-11034  

 1:1000 

Goat anti-Rabbit IgG 

(H+L) Cross-Adsorbed 

Secondary Antibody, 

Alexa Fluor 594  

 

Goat Thermofisher 

Scientific  

#A-11012  

 1:1000 

Goat anti-Mouse IgG 

(H+L) Cross-Adsorbed, 

Secondary Antibody, 

Alexa Fluor 594  

 

Goat Thermofisher 

Scientific  

#A-11005  

 1:1000 

Goat anti-Mouse IgG 

(H+L) Cross-Adsorbed, 

Secondary Antibody, 

Alexa Fluor 488  

 

Goat Thermofisher 

Scientific  

#A-11001  

 1:1000 

 

2.7 Ubiquitination assay 

293 cells were seeded at 8.x105 in 10 cm dishes, 24 h before transient transfection. Cells 

were transfected using Fugene6 as described above. Cells were incubated overnight with 5 μM 

MG132 (Life Technologies) and 25 μM chloroquine (Life Technologies) prepared in serum-free 
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OPTIMEM media 24 h after transfection. Cells were washed with 10 ml PBS then incubated for 30 

min in lysis buffer (2% SDS, 150 mM NaCl, 10 mM Tris-HCl, 1 mM sodium orthovandate, 1 mM 

sodium fluoride, 20 mM β-glycerphosphate, 10 mM N-ethylmaleimide with Complete Mini Protease 

Inhibitor (Roche #11836153001) on a rocker at room temperature before collection. Cell lysates 

were sonicated (3 x 5 sec on/off), boiled for 10 min, and 50 μl of sample (25% of total sample) was 

reserved as “input”. The remaining samples were then diluted (10 mM Tris-HCl, 150 mM NaCl, 2 

mM EDTA, 1% Triton-X-100, pH 8.0) and incubated on a rocker at 4°C for 1 h. Samples were 

centrifuged at 20 000 x g for 30 min then precleared with 20 μl Sepharose 4B beads (Sigma 

#4B200) at 4°C for 1 h on a rocker. Samples were centrifuged at 3000 x g for 2 min and the 

supernatant was transferred to a new tube. Lysates were incubated overnight at 4°C with anti-FLAG 

M2 Affinity gel (Sigma #A2220) on a rocker. Samples were centrifuged at 3000 x g for 2 min and 

washed with wash buffer (10 mM Tris-HCl, 1 M NaCl, 1 mM EDTA, 1% IGEPAL, pH 8.0) twice. 

Beads were resuspended in 2x laemmli buffer (62.5 mM Tris-HCl, 3% SDS, 10% glycerol) then 

used for immunoblotting analysis as described above. 

 

2.8 Co-immunoprecipitation  

U2OS cells were transiently co-transfected using Effectene. 24 h after transfection media 

was removed from plates, cells were washed 2 x with 1 ml PBS and lysed (50 mM Tris-Cl pH 8.0, 

150 mM NaCl, and 0.5% IGEPAL). After retaining 10% of the cell lysate as input, intermediate 

buffer was added to lysates to make the final concentration of the solution 20 mM Tris CL, 100mM 

NaCl, and 0.2% IGEPAL. Lysates were precleared with 20 μl Sepharose 4B beads (Sigma) for 1 h at 

4 °C on a rocker. Resin was pelleted by centrifuging at 8200 x g for 1 min and the supernatant was 

removed to a fresh tube. The supernatant was then incubated with ANTI-FLAG M2 affinity gel 

(Sigma-Aldrich) and mixed end-over end at 4℃ overnight. Beads were washed 3 times ( 50 mM 

Tris-Cl pH 8.0, 150 mM NaCl, and 0.5% IGEPAL) and resuspended in 50 µl 2x laemmli buffer 

(62.5 mM Tris-HCl, 3% SDS, 10% glycerol), 2% beta-mercaptoethanol and 1% bromophenol blue. 

Bound proteins were eluted from beads by boiling for 10 min. Immunoblots of input samples and 

immunoprecipitates were probed as described above.  
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2.9 Heat Shock Experiments  

293-MAGEL2 cells that had and had not been induced for MAGEL2 expression were placed in a 

42℃ water bath for 1 h. Lysates were harvested at different time points, before heat shock (normal), 

immediately following heat shock (heat shock) and then at 1h, 2 h and 4 h following removal from 

the water bath. Lysates were either harvested or cellular fractionation was performed.  

 

2.10 Cellular fractionation 

293 cells were grown to confluency in 6 well plates. Media was removed from wells and cells were 

washed in ice-cold PBS, scraped from the dish using a plastic cell scraper, and collected in a 1.5 ml 

tube in a final volume of 300 µl. Lysates were placed on ice and centrifuged for 10 sec at top speed 

and washed with PBS twice. Supernatant was removed and cells were resuspended in 400 µl of lysis 

buffer (0.1% IGEPAL and 1 protease inhibitor tablet in 1x PBS). 40 µl of solution was removed as 

the whole cell lysate and 20 ul of 4x Laemmli buffer (250mM Tris-Cl (pH 6.8), 8% SDS, 20% 

glycerol, and 0.008% bromophenol blue) was added to it. The remaining material was centrifuged 

again for 10 sec. 40 µl of the supernatant was removed as the cytosolic fraction and 20 µl of 4x 

Laemmli buffer was added to it. The remaining supernatant was removed, and the pellet washed in 

100 µl lysis buffer. The sample was centrifuged and resuspended in 30 µl 50 mM Tris-Cl, 

designated as the nuclear fraction, and 15 µl of 4x Laemmli buffer was added to it. Both the whole 

cell and nuclear fractions were sonicated 2x for 5 s each. All samples were boiled for 5 min then 

used for immunoblotting as described above.  

2.11 mRNA m6A analysis 

293-FLAG-MAGEL2 cells were grown to confluency in 10 cm dishes (2 per experiment). Both 

induced and uninduced cells were harvested and RNA was extracted. RNA extraction protocol was 

obtained from the He lab in the Department of Chemistry at the University of Chicago. Total RNA 

was extracted using the Zymo-direct zol kit (Zymo research #R2051). Next PolyA RNA was 

extracted using Ambion Dynabeads® mRNA DIRECT™ Purification Kit (ThermoFisher #61011). 

The rRNA was removed using RiboMinus™ Eukaryote Kit v2 (ThermoFisher #A15020), except 

that all reagents were used at ¼ scale. The final purification step was done using the Zymo RNA 

clean and concentrator (Zymo research #R1013) and sample concentration was measured by Qubit.   
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Processed samples were shipped to Dr. Chuan He’s lab at the University of Chicago to be analysed 

by LC/MS-MS. Methylation (m6A) was measured as a ratio of methylated adenine to the amount of 

guanine.  

 

2.12 In silico protein analysis 

The NCBI Conserved Domain Database (CDD v.3.17) was used to analyze MAGEL2 protein for 

motifs (Marchler-Bauer et al., 2017). Protein Data Bank (Berman et al., 2000) Protein Feature View 

(https://www.rcsb.org) was used to visualize disordered versus ordered regions (computed by 

JRONN, (Troshin et al., 2018) and hydropathy, calculated using a sliding window of 15 residues and 

summing up scores from standard hydrophobicity tables.  

 

2.13 Statistics for replicate stability assays 

Continuous data are presented as mean ± SD of 3-4 replicates per experiment. Differences between 

means were evaluated using both a Student t test. Group differences using two factors were 

evaluated by two-Way ANOVA to determine if there was an effect of MAGEL2 expression and heat 

stress on YTHDF2 levels. The differences between MAGEL2 protein levels at different time points 

post heat shock was measured by one-way ANOVA. Results were considered significant if P <0.05.  

 

Chapter 3. The necdin interactome: evaluating the effect of amino 

acid substitutions in necdin 

3.1 Introduction 

Prader-Willi syndrome (PWS) is a neurodevelopmental disorder caused by the loss of function 

of a set of imprinted genes on chromosome 15q11-15q13. PWS is characterized by hyperphagia, 

hypotonia, endocrine dysfunction, intellectual disability, and autism spectrum disorder. One of the 

genes inactivated in PWS, NDN, encodes necdin, a 321 amino acid melanoma-associated antigen 

(MAGE) family protein. MAGE proteins interact with E3 ubiquitin ligases and deubiquitinases to 

form MAGE-RING E3 ligase complexes. These complexes regulate the ubiquitination of other 

proteins by modifying the activities of ubiquitin ligases and deubiquitinases, substrate specificity, and 

subcellular localization of substrate proteins. Like other MAGE proteins, necdin contains a conserved 

https://www.rcsb.org)/


40 
 

MAGE homology domain (MHD, InterPro IPR002190), which is a protein-protein interaction domain 

containing two tandem winged helix motifs (Lee and Potts, 2017). The MHD spans from residues 98 

to 297 in human necdin (Fig. 3.1A). Missense, frameshift or nonsense mutations in other MAGE genes 

cause genetic disorders: MAGEL2 is mutated in Schaaf-Yang syndrome (McCarthy et al., 2018), 

MAGED2 in Bartter syndrome (Laghmani et al., 2016), NSMCE3 (MAGEG1) in a chromosome 

breakage syndrome called LICS (van der Crabben et al., 2016), and both MAGEA9 and MAGEB4 in 

male infertility(Fon Tacer et al., 2019; Lo Giacco et al., 2014; Okutman et al., 2017). 

NDN is expressed in a variety of human tissues, including those contributing to muscle, bone, 

adipose, hematopoietic stem cells, and nervous tissues (Bush and Wevrick, 2012; Fujiwara et al., 

2012; MacDonald and Wevrick, 1997; Minamide et al., 2014). Necdin is particularly important for 

the differentiation and survival of neurons, and deletion of Ndn in mice can cause postnatal 

dysfunction or lethality because of defects in the central nervous system that disrupt the respiratory 

rhythm generator in the hindbrain (Hasegawa et al., 2016; Matarazzo et al., 2017; Ren et al., 2003; 

Resnick et al., 2013; Zanella et al., 2008). Necdin is also essential for neurite outgrowth and axonal 

elongation, and for the initiation of cellular polarity through a Cdc42-myosin-dependent pathway 

(Bush and Wevrick, 2010; Lee et al., 2005; Tennese et al., 2008). These critical roles in the function 

of the developing adipose, muscle, and nervous systems are highly relevant to phenotypes in 

individuals with PWS.  

Interactions between necdin and other proteins have been investigated using yeast two-hybrid 

screens (Corominas et al., 2014; Kuwako et al., 2004; Park et al., 2014; Stelzl et al., 2005; Taniura et 

al., 1998), affinity capture western (Bronfman et al., 2003; Hasegawa and Yoshikawa, 2008; Hu et 

al., 2003; Huang et al., 2013; Hudson et al., 2011; Kuwako et al., 2004; Lavi-Itzkovitz et al., 2012; 

Liu et al., 2009; Moon et al., 2005; Tcherpakov et al., 2002), protein complementation (Deribe et al., 

2009), affinity capture mass spectrometry (Doyle et al., 2010; Ewing et al., 2007) and MAPPIT and 

proximity-dependent labeling (Wijesuriya et al., 2017). Collectively, these studies identified a set of 

61 proteins that interact with necdin in human cells, 79 interactors in murine cells and 2 interactors in 

rat cells. These interactors represent 134 unique proteins that are important for a variety of processes, 

such as transcription, ubiquitination, nucleocytoplasmic transport, and receptor-mediated intracellular 

signaling.  

NDN is subject to genomic imprinting that silences the maternal NDN allele. All individuals 

with the common genetic forms of PWS (paternal deletion, maternal uniparental disomy, or imprinting 

defect) do not have a NDN allele with a paternal epigenotype, so their tissues do not express NDN. 
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Despite many lines of evidence supporting a critical role for necdin in development and physiology, 

there is no specific biochemical or cellular assay to test necdin function or to determine whether amino 

acid substitutions affect necdin function. In this study, we used in vivo proximity-dependent biotin 

identification and liquid chromatography–tandem mass spectrometry (LC-MS/MS) in cultured human 

cells to identify a set of proteins in proximity to necdin (“interactome”). We then examined the effect 

of specific amino acid substitutions on the necdin interactome. We demonstrate the utility of proximity 

mapping for the assessment of variants of unknown significance in disease genes encoding proteins 

for which functional assays do not exist.  
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Figure 3.1. Generation and validation of necdin-BirA* constructs carrying amino acid 

substitutions. A) The 321 amino acid human necdin open reading frame was fused in frame with a 

3XFLAG epitope tag and BirA*. The MAGE homology domain spanning residues 98 to 297 is 

indicated in blue. NDN-3XFLAG-BirA* constructs carrying the indicated amino acid substitutions 

were also generated. B) Wildtype (WT) necdin-FLAG-BirA* protein or variant necdin-FLAG-BirA* 

proteins were detected in protein lysates from stably transfected HEK293 Flp-In cells induced with 

tetracycline by immunoblotting with anti-FLAG antibodies. C) Expression of necdin-FLAG-BirA* in 

stably transfected HEK293 Flp-In cells plated on coverslips was induced using tetracycline and 

visualized using anti-FLAG antibodies and confocal microscopy. The nuclear and cytoplasmic 

distribution of necdin expression is visualized for WT and variant necdin proteins (green). Nuclei 

were counterstained blue with Hoechst.  
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3.2 Results 

3.2.1 Identification of necdin interactors 

To identify physiologically relevant proteins in proximity to necdin, we used proximity 

biotinylation (BioID) coupled with affinity capture and mass spectrometry (MS) in cultured human 

cells. We first created HEK293 Flp-In T-REx cells (293-NDN cells) stably transfected with a 3xFLAG 

epitope-tagged- BirA* biotin ligase fused in frame to the C-terminus of the NDN open reading frame 

(Fig. 3.1A) (Couzens et al., 2013; Roux et al., 2012). There is a fixed site for single copy integration 

of the NDN-FLAG-BirA* construct in the HEK293 Flp-In T-REx cells. The combination of a fixed 

integration site and inducible promoter allows for consistent expression of constructs between 

replicates and different experimental conditions. We also created HEK293 Flp-In T-REx cells stably 

transfected with pDEST-pcDNA5-BirA*-FLAG-GFP, encoding a BirA*-green fluorescent protein 

fusion protein. Expression of the wildtype (WT) necdin-FLAG-BirA* fusion protein at the expected 

molecular weight was confirmed by immunoblotting lysates from 293-NDN cells after induction of 

expression with tetracycline (Fig. 3.1B). Recombinant necdin is ordinarily present in both the 

cytoplasm and nucleus of cultured cells (Kuwako et al., 2004; Taniura et al., 2005). The presence of 

recombinant WT necdin-FLAG-BirA* protein in both the cytoplasm and nucleus of tetracycline-

induced 293-NDN cells was detected by indirect immunofluorescence microscopy (Fig. 3.1C). 

To identify necdin-proximate proteins using BioID, expression of necdin-FLAG-BirA* was 

induced with tetracycline in 293-NDN cells cultured in excess biotin. Biotinylated proteins were 

affinity-purified from biological triplicate cell lysates, processed by tryptic digestion, and analyzed 

by LC-MS/MS. Altogether, 47 biotinylated proteins were detected by mass spectrometry, and these 

proteins are predicted to have passed within 10 nm of necdin-FLAG-BirA* (Kim et al., 2014) (Suppl. 

Table 1). Necdin itself was identified in all three biological replicates, as the necdin-FLAG-BirA* 

fusion protein undergoes auto-biotinylation. We eliminated proteins found in only one of three 

replicate samples or present at high levels in a contaminant repository for affinity purification-mass 

spectrometry data (CRAPome (Mellacheruvu et al., 2013)). In all, 24 proteins were carried forward 

as necdin-proximate proteins (Suppl. Table 1, see also Methods).  

Four of the 24 necdin-proximate proteins were previously identified as necdin-interacting 

proteins. Heterogeneous nuclear ribonucleoprotein U (HNRPU) was identified as a necdin interactor 

by yeast two-hybrid, affinity-capture-western and co-immunoprecipitation in transfected SAOS-2 

cells, and by in vitro binding (Lavi-Itzkovitz et al., 2012; Taniura and Yoshikawa, 2002). Striatin 4 
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(STRN4) was previously recovered as a necdin interactor in a ras recruitment method yeast two-hybrid 

screen (Lavi-Itzkovitz et al., 2012). Striatin 4 is a calmodulin-binding scaffolding protein that 

regulates dendritic spine distribution through interactions with cortactin binding proteins. We 

previously identified A-kinase anchoring protein 11 (AKAP11) and synapse associated protein 1 

(SYAP1) in a cytoplasmic yeast two-hybrid screen (Bush and Wevrick, 2008). We confirmed this last 

interaction by co-expression and co-immunoprecipitation in transfected HEK293 cells (Fig. 3.2). This 

brings the number of documented necdin-interacting/proximate proteins to 154, including additional 

necdin-proximate proteins documented in the BioGRID protein-protein interaction database (Chatr-

Aryamontri et al., 2017) and 20 proteins newly identified here by BioID.  

  



45 
 

 

 

 

Figure 3.2. Co-immunoprecipitation of necdin and SYAP1 in co-transfected cells.  

HEK293 cells were transfected with Xpress-NDN or Xpress-NEG (a negative control protein) along 

with HA-SYAP1, HA-POS (positive control necdin-interacting protein), HA-NEG (a negative control 

non-interacting protein). Cell lysates were then subjected to co-immunoprecipitation using antibodies 

against the first epitope (either Xpress or HA (IP)) and detection of co-immunoprecipitated proteins 

using antibodies against the second epitope (IB). Left, pullout of HA-SYAP1 co-immunoprecipitated 

Xpress-NDN.  Right, immunoprecipitation of Xpress-NDN co-immunoprecipitated HA-SYAP1. This 

work was performed by Christine Walker 
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We used STRING (Protein-Protein Interaction Networks Functional Enrichment Analysis, 

https://string-db.org/ ) (Szklarczyk et al., 2015), to investigate previously identified interactions 

among the 24 necdin-proximate proteins. (Fig. 3.3A). The necdin interactome formed two clusters of 

proteins, with 16 additional proteins not associated in the STRING database. The larger cluster of 

seven proteins forms an RNA metabolism network anchored by the eukaryotic translation initiation 

factor 4 gamma 1 (EIF4G1) and two very similar poly(A) RNA binding proteins (PABPC1 (PABP) 

and PABPC4 (inducible PABP)) (Gray et al., 2015). The second cluster consists of the two proteins 

HNRNPU and splicing factor 3B subunit 2 (SF3B2), which were grouped based on their shared role 

in mRNA splicing.   

We next investigated whether the 24 necdin-proximate proteins are involved in any common 

biological pathways, using Gene Ontology analysis in STRING as well as literature searches, and 

visualization using the Cytoscape software ClueGo (Fig. 3.3B). Most of the proteins were classified 

under the functional headings mRNA stabilization, poly(A) binding, and regulation of translation 

initiation, as well as various other functional terms related to RNA metabolism and translation 

initiation (Fig. 3.3B). RNA binding was previously noted to be an enriched GO annotation in a necdin 

interaction screen by yeast two-hybrid (Lavi-Itzkovitz et al., 2012). Many of these RNA metabolism 

proteins, along with two additional proteins (SUGT1 and UBAP2L), are components of stress 

granules, which are cytosolic subcellular aggregations of mRNA-containing ribonucleoproteins 

formed by stalled translation preinitiation complexes in cells under stress (Jain et al., 2016). The more 

general category “nucleic acid-binding” was also enriched for among the necdin-proximate proteins 

and included RNA metabolism proteins. The identification of two transcriptional repressors, encoded 

by CC2D1A and MYBBP1A, fits with the previously defined role for necdin in transcriptional 

repression (Kurita et al., 2006; Minamide et al., 2014).  

MAGE proteins, including necdin, are co-factors for RING E3-ligase mediated ubiquitination 

and deubiquitination (Lee and Potts, 2017). Of the 24 necdin-proximate proteins identified by BioID-

MS, 11 are involved in ubiquitination, either binding ubiquitin (UBAP2L), regulating ubiquitin ligase 

complexes (ASCC3, DDX3X, HNRNPU, SUGT1), regulating the ubiquitination of proteins 

necessary for receptor-mediated signaling pathways (NF-kappa B by CC2D1A, IGF1R by GIGYF2), 

or are regulated by ubiquitination (EIF4G1, PAIP1, PAIP2). 

  

https://string-db.org/


47 
 

 

Figure 3.3. Known and predicted interactions and Gene Ontology analysis of proteins in 

proximity to necdin by BioID-MS. The 24 proteins identified in at least 2 out of 3 replicate BioID-

MS experiments with WT necdin and not eliminated as background contaminating proteins (Suppl. 

Table S1) were analyzed using STRING and the Cytoscape app ClueGO. A) Interactions between 

necdin-proximate proteins were identified using STRING, revealing two clusters of proteins. Cluster 

1 forms a complex of RNA metabolic proteins, and cluster 2 is comprised of mRNA splicing proteins. 

B) Analysis of proteins using the Cytoscape app ClueGO revealed functional enrichment of Gene 

Ontology terms among necdin-proximate proteins. The analysis included GO Biological Process, GO 

Molecular Function, and REACTOME Pathways.  
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3.2.2 Confirmation of interaction with PAIP2.  

Seven of the 24 necdin-proximate proteins in non-stressed cells, encoded by ASCC3, CC2D1A, 

ECD, MYBBP1A, PAIP2, SUGT1, and SYAP1, were selected as highest confidence necdin interactors 

as they were i) biotinylated in three out of three replicates with necdin-FLAG-BirA*, ii) not 

biotinylated in the three BirA*-GFP replicates and iii) found in low abundance and in fewer than half 

of the similar experiments listed in the CRAPome database (Suppl. Table 1). PAIP2 encodes a 

poly(A)-binding protein-interacting protein that suppresses the translation stimulating activity of the 

polyadenylate-binding PABP proteins (Berlanga et al., 2006; Ivanov et al., 2019; Khaleghpour et al., 

2001). Moreover, PAIP2 competes with eIF4G for PABP binding (Karim et al., 2006). We used 

transient transfection and co-immunoprecipitation to test the interaction between necdin and PAIP2. 

Epitope-tagged proteins (FLAG-necdin and three V5-tagged proteins, V5-PAIP2, V5-EID1 (a 

validated necdin-interactor, (Bush and Wevrick, 2008)), or V5-PITX2, a negative control protein) 

were co-expressed in U2OS cells. Next, FLAG-necdin was immunoprecipitated under conditions that 

would also co-immunoprecipitate interacting proteins. We successfully co-immunoprecipitated both 

V5-PAIP2 and V5-EID1 but not V5-PITX2 with FLAG-NDN, confirming that necdin can interact 

with PAIP2 (Fig. 3.4).  
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Figure 3.4. Necdin co-immunoprecipitates with PAIP2. U2OS cells were transfected with NDN-

FLAG along with either V5-PAIP2, V5-EID-1 or V5-PITX2. Protein complexes were 

immunoprecipitated using anti-FLAG M2 gel. 10% of the cell lysate was immunoblotted to confirm 

the presence of all the proteins. 
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PAIP2 competes with PAIP1 to regulate the binding of PABP to the poly-A tail of mRNAs, 

thus inhibiting translation and regulating mRNA decay (Yoshida et al., 2006). PAIP2 levels are 

themselves controlled by ubiquitination and proteasome-mediated degradation, and depletion of 

PABP reduces the abundance of PAIP2 protein, in a ubiquitin-proteasome dependent manner 

(Yoshida et al., 2006). Given the role of necdin and other MAGE proteins as adaptors for protein 

ubiquitination, we tested whether levels of PAIP2 are sensitive to co-expression of necdin. Co-

expression of necdin in cultured U2OS cells increased the abundance of PAIP2 ~five-fold (P<0.05 by 

Student t test, Fig. 3.5A). To determine whether this effect is mediated by deubiquitination, we tested 

whether the stability of PAIP2 is altered by the deubiquitinase USP7. Co-expression of USP7 

increased the abundance of PAIP2 ~2.3 fold (P<0.05 by Student t test, Fig. 3.5B). Co-expression of 

necdin and USP7 also significantly increased PAIP2 abundance (5.6-fold, P<0.05 by Student t test, 

Fig. 3.5B). We next co-expressed combinations of PAIP2, necdin, and HA-tagged ubiquitin, then 

immunoprecipitated PAIP2 and probed the immunoprecipitates with anti-HA antibodies. This 

experiment showed that PAIP2 is ubiquitinated, and moreover co-expression of necdin decreased the 

ubiquitination of PAIP2 (Fig. 3.5C). We also examined whether cell lines that lack necdin have a 

difference in endogenous PAIP2 levels. We compared levels of PAIP2 in induced versus uninduced 

293-NDN-FLAG cells and in siRNA NDN knockout U2OS cells but did not detect any differences in 

the amount of endogenous PAIP2 in these cell lines (Fig. 3.6). Overall, these experiments suggest that 

necdin facilitates the reduction of ubiquitination of PAIP2 and increases PAIP2 stability.  
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Figure 3.5. Co-expression of necdin and deubiquitination stabilize PAIP2. A) U2OS cells were 

transfected with FLAG-PAIP2 alone or with NDN-Xpress. Equal amounts of protein were loaded, 

and cell lysates were immunoblotted to measure the abundance of PAIP2 in the presence of necdin. 

The amount of PAIP2 detected is shown as the mean  standard error (*P<0.05 comparing PAIP2 

abundance with and without co-expression of necdin). B) Co-expression of necdin, USP7, or both 

proteins increases the abundance of PAIP2. Immunoblotting confirmed the presence of each of the 

three recombinant proteins in the appropriate U2OS cell lysates in the representative blot on the left. 

Right, analysis of six replicate blots and comparison of PAIP2 levels in the presence or absence of 

co-expressed necdin and USP7. *, (P<0.05 by Student t test) compared to PAIP2 alone. **, (P<0.01 

by Student t test) compared to PAIP2 alone. C) HEK293 cells were co-transfected with epitope-

tagged constructs. After 24 h, cell lysates were collected, an aliquot retained as input, and 

immunoblotted (IB) to confirm expression of NDN-Xpress. FLAG-PAIP2 was immunoprecipitated 

(IP) using anti-FLAG beads from the remaining lysate. FLAG-PAIP2 was detected in the 

immunoprecipitate, and ubiquitinated PAIP2 (PAIP2Ub) was detected by probing the 

immunoprecipitate with anti-HA antibodies t detect HA-ubiquitin (HA-Ub, smear above the 

molecular weight of PAIP2).  
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Figure 3.6. PAIP2 is not altered in abundance in cells lacking necdin. A) Cell lysates were 

harvested from both wildtype fibroblasts (expressing necdin) and fibroblasts derived from 

individuals with Prader-Willi syndrome (not expressing necdin) and immunoblotted to detect 

endogenous PAIP2. There was not a significant difference in protein present (P>0.05 by Student t 

test). B) Cell lysates were harvested from both wildtype and necdin knockdown (via siRNA) U2OS 

cells and immunoblotted to detect endogenous PAIP2. There was not a significant difference in 

protein present (P>0.05 by Student t test). Lysates were quantified using a BCA protein assay and 

equal amounts of protein were loaded.  
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3.2.3 The necdin interactome changes in arsenite-stressed cells. 

Because many necdin-proximal proteins are associated with stress granules, we asked whether 

the set of necdin-proximal proteins would change under conditions of cellular stress. 293-NDN cells 

were induced with tetracycline to express NDN-3XFLAG-BirA* for 24 h (Youn et al., 2018). Cells 

were then treated with sodium arsenite (0.5 mM, 30 min) to induce stress granule formation. Next, 

biotin was added to the media to allow for labeling under stress conditions. Cells were harvested after 

3 h and processed for BioID-MS. After eliminating proteins found in only one of three replicate 

samples or present at high levels in the CRAPome, 211 necdin-proximal proteins were identified in 

arsenite stressed cells (Suppl. Table 1). Three proteins from the non-stressed proximity interactome 

were not present in the stressed interactome: PAIP2, SF3B2, and AKAP11. The stressed proximity 

interactome was still enriched for RNA binding processes, specifically mRNA metabolic processes 

and translation initiation (Suppl. Table 2). There were also multiple ribosomal proteins identified and 

functional enrichment for ribonucleoprotein complexes. Three serine/arginine-rich splicing factors 

(SRSF3, SRSF4, SRSF6), which all function in mRNA splicing (Muller-McNicoll et al., 2016), 

appeared in the stressed proximity interactome. A GO term analysis showed that 26 out of the top 50 

proximate proteins were classified under the “cellular nitrogen compound process,” which refers to 

both protein and nucleic acid metabolism (Szklarczyk et al., 2015).   

 

3.2.4 Amino acid substitutions are predicted to affect the structure of the necdin 

protein. 

The NDN gene is under selection against loss of function variants, with an observed over 

expected score (oe) of 0.13 with a 90% confidence interval in a population of 141,456 genomic 

samples within gnomAD v2.1.1. That is, only 13% of the expected number of loss of function variants 

were observed in NDN among these individuals. We asked whether necdin protein carrying amino 

acid substitutions that are predicted to disrupt necdin function would produce a different set of necdin-

proximate proteins compared to the wildtype protein, as detected by BioID-MS, testing four necdin 

variants in total. Two variant necdin proteins were designed to disrupt conserved residues in the MHD 

(Fig. 3.1A). The substitution NDNp.R265C was modeled after a pathogenic missense mutation in 

MAGED2 (p.R446C) identified in a patient with Bartter syndrome and that abolishes the interactions 

between MAGED2 and its binding partners HSP40 and Gs-alpha (Laghmani et al., 2016). The R265C 

mutation is located in the second of two tandem winged helix motifs (WH-B) within the MHD (Doyle 



55 
 

et al., 2010). Mutations in the WH-B of NSMCE3 (MAGEG1), disrupt its ability to bind to double 

stranded DNA (Palecek and Gruber, 2015; Zabrady et al., 2016). The double substitution 

NDNp.VL109AA (in the WH-A motif) is analogous to engineered mutations in the NSMCE3 protein 

that disrupts its ability to bind to the RING-type E3 ubiquitin ligase NSE1 (Doyle et al., 2010; van der 

Crabben et al., 2016). Analogous substitutions in MAGEL2 (MAGEL2p.R1187C and 

MAGEL2p.LL1031AA) abrogate the ability of MAGEL2 to promote the cell surface expression of 

the leptin receptor (Wijesuriya et al., 2017). A third variant (NDNp.A280P), located in WH-B, 

occurred de novo on the paternally inherited allele of a single proband from a cohort of children with 

phenotypes resembling Smith-Magenis syndrome, detected by whole exome sequencing (Berger et 

al., 2017). This child had developmental delay, intellectual disability, autism spectrum disorder, 

speech delay, sleep disturbances, abnormal behavior, sensory issues, mild facial dysmorphism, and 

hypotonia, but had normal molecular testing for both Smith-Magenis syndrome and Prader-Willi 

syndrome. She also had a potentially pathogenic de novo missense mutation in another gene, 

MAPK8IP3. Because NDN is a maternally silenced, imprinted gene, the child carrying the 

NDNp.A280P variant on her paternal allele does not express any WT necdin protein. The fourth 

variant, NDNp.D66N, is found in control populations (1 in 3759 in gnomAD, 1 in 300 in Ashkenazi 

Jews), and is outside the MHD (Fig. 3.7). NDNp.R265C is predicted to be “possibly damaging” by 

PolyPhen and has a CADD score >20 (i.e., variant is amongst the top 1% of deleterious variants in 

the human genome (Kircher et al. 2014)). NDNp.A280P is also predicted to be deleterious (CADD 

score >20) and is “probably damaging” by PolyPhen. As well, the substitutions NDNp.R265C, 

NDNp.VL109AA and NDNp.A280P are all predicted to be pathogenic by SIFT and PANTHER, 

while NDNp.D66N is predicted to be benign. The D66 residue is present in necdin and single MAGE 

in zebrafish, but not the other mammalian MAGE proteins, while the other substitutions were in highly 

conserved (R265) or moderately conserved (V109, L110, and A280) residues in other MAGE genes 

and other species (Fig. 3.8).  
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Figure 3.7. Variants in NDN and bioinformatic prediction of pathogenicity. The frequency of 

the necdin variants in the healthy population was searched for in the database gnoMAD. 

Pathogenicity analysis of all the variants was done using the online bioinformatic tools PolyPhen, 

SIFT, and PANTHER. Location of mutation, CADD score, and associated phenotypes were also 

examined.  
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Figure 3.8. Comparison of MAGE protein sequences. NDN and MAGE protein sequences are 

generally conserved in different species. Note that only mammals have a NDN gene and other 

MAGE genes, while other organisms have only a single MAGE-like gene (MAGE). MAGED2 and 

MAGEL2 are both from human. Protein alignment is shown around positions D66 (A), V109 and 

L110 (B), R265 (C) and A280 (D). The residue that is mutated is highlighted in yellow. 
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Crystal structures of the MHD in several MAGE proteins have been solved, including 

NSMCE3 (MAGEG1) in complex with NSE1 (Protein Data Bank PDB: 3NW0 and 5WY5 (Doyle et 

al. 2010) and a second analysis producing PDB: 5HVQ (Newman et al., 2016)), MAGEA3 (PDB: 

4V0P (Newman et al., 2016)), and MAGEA4 (PDB: 2WA0 (Newman et al., 2016)). To gain a greater 

understanding of the effects of the mutations in necdin on protein structure, V109A, L110A, A280P, 

and R265C were analyzed using Pymol, DynaMut (Rodrigues et al., 2018), and Missense 3d 

(Ittisoponpisan et al., 2019) using PDB 5WY5/3NW0 from NSMCE3 (MAGEG1) as a template. 

Assessed individually, mutations V109A and L110A, located on helix α1 (Fig. 3.9A), result in a 

destabilization of the N-terminal structure, inducing an increase in molecule flexibility in the N-

terminal helices and -sheet (Fig. 3.9D). The combined effect of these mutations likely destabilizes 

the α1 helix and surrounding three-dimensional structure. R265 is located on the short α7 helix, one 

turn away from E269 (Fig. 3.9B). The side chains of these residues are 2.6 Å away from each other, 

within the range to form a salt bridge. Mutation R265C abolishes this interaction, which may result in 

a loss of stability in this short helix (Fig. 3.9D). A280 lies on the α8 helix (Fig. 3.9C). The A280P 

mutation places a proline into the center of this straight helix, which would result in the introduction 

of a kink (Fig. 3.9D). This may disrupt helix packing, resulting in the displacement of adjacent α4 

helix and the final C-terminal helix. 
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Figure 3.9. Locations of point mutants visualized on the necdin homology model. A) V109 and 

L110 localized on α1 helix. Necdin homology model shown in pale green, wildtype V109 and L110 

residues shown in pink. B) Wildtype R265 on α7 helix is located in close proximity to E269. Positively 

charged R265 shown in red, negatively charged E269 shown in blue. Yellow dashes indicate distance 

between atoms. C) Helix α8 is located between two alpha helices. Wildtype residue A280 shown in 

pink. D) Location of the mutated residues in the necdin protein. Wildtype-residues are shown in pink 

and mutant residues are shown in black. This work was performed by Katherine Badior in the lab of 

Dr. Joe Casey in the Department of Biochemistry at the University of Alberta 
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3.2.5 Gains and losses of interactions for variant necdin proteins, identified by BioID-

MS. 

The four variant NDN-FLAG-BirA* constructs were generated by site-directed mutagenesis, 

then transfected into Flp-In T-Rex 293 cells. Because of the single site for integration of the BirA* 

construct, 293 cell lines stably expressing each of the necdin-FLAG-BirA* variant proteins are 

isogenic to the wildtype 293-NDN cell line except for the presence of the engineered mutation. 

Immunoblotting of cell lysates verified expression of each variant necdin-FLAG-BirA* protein from 

tetracycline-induced variant 293-NDN cells (Fig. 3.1B). As well, the variant necdin proteins had 

similar subcellular localization to WT necdin as detected by immunofluorescence microscopy (Fig. 

3.1C). Expression of each variant necdin-FLAG-BirA* protein was induced with tetracycline in 293-

NDN-D66N, 293-NDN-VL109AA, 293-NDN-R265C, and 293-NDN-A280P cells cultured in excess 

biotin. Biotinylated proteins were streptavidin affinity-purified from triplicate cell lysates for each 

variant, processed by tryptic digestion, and analyzed by LC-MS/MS. We then compared the proximate 

proteins identified for each of the four necdin variant proteins with those identified for the WT necdin 

protein. Interestingly, some proteins proximate to WT necdin were not proximate to variant necdin 

proteins (“lost” interactions, Fig. 3.10A), and some proteins were proximate to variant necdin proteins 

but were not detected in the WT interactome (“gained” interactions, Fig. 3.10B).  

We applied a stringent analysis to define “lost” interactions: present in three of three BioID-

MS replicates with WT necdin, and not detected in any of the three replicates with variant necdin. 

While 17 proteins were proximate to necdin in all three replicates of its WT form, nine of these 

proteins were lost from the necdin p.VL109AA interactome and a partially overlapping list of 7 

proteins were lost from the p.A280P interactome (Fig. 3.10A). Only two protein interactions were lost 

from the p.D66N interactome, and no interactions were lost with p.R265C. Notably, all five necdin 

proteins (WT and four variants) interacted with a core complex of EIF4G1, PABPC1, PAIP2, LARP1, 

and GIGYF2, which associate with each other and with the 5’cap of mRNAs (Tcherkezian et al., 

2014). As noted above, the interaction with the polyadenylate-binding protein-interacting protein 2 

(PAIP2) was denoted as high confidence, because PAIP2 was biotinylated by WT necdin-FLAG-

BirA* in all replicates and was never biotinylated by BirA*-GFP. PAIP2 is not present among proteins 

detected in similar BioID experiments listed in CRAPome but was biotinylated by necdin-FLAG-

BirA* in all replicates of all four variant necdin proteins.  



61 
 

 

Figure 3.10. Necdin proteins carrying amino acid substitutions have losses and gains of 

proximate proteins compared to WT necdin. A) Proteins present (P) in 3 out of 3 replicates of 

BioID-MS with the WT necdin protein are listed. Some of these proteins were lost (L) in all three 

replicates of BioID-MS with the variant necdin protein. Higher confidence necdin-proximate proteins 

(not present in BioID-MS with BirA*-GFP) are in bold type. Functional categories shared among two 

or more proteins are also indicated. The average score for each protein in the CRAPome database is 

also listed.  B) Proteins absent (A) in 3 out of 3 replicates of BioID-MS with the WT necdin protein 

are listed. Interactions that are gained (G) in all three replicates of BioID-MS with each of the variant 

necdin proteins are listed, with functional categories shared among two or more proteins also 

indicated. The average score for each protein in the CRAPome database is also listed. 
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We defined a “gain” of interaction as a proximate protein that is absent from all three WT 

necdin BioID-MS replicates, but is present in all three replicates of a variant necdin protein in the 

BioID-MS experiment. Gained proximate proteins were identified with all four variants, with 

p.R265C and p.A280P gaining the most interactions. Two gained proteins had previously been 

identified as necdin interactors: CACYBP by yeast two hybrid (Lavi-Itzkovitz et al., 2012) and IRS4 

by MAPPIT (Wijesuriya et al., 2017). Remarkably, the variants p.R265C and p.A280P gained 

interactions with two enzymes in the glycolytic pathway (phosphoglucose isomerase (GPI) and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) and two downstream enzymes, lactate 

dehydrogenase A and B (LDHA/B). This suggests that these two mutations, which are both located 

in the WH-B extension motif of the MAGE homology domain, alter the structure of the necdin protein 

to favor interactions with metabolic enzymes in the cytosol. Alternatively, these mutations could 

change the subcellular localization of the necdin protein to shift interactions towards the cytosolic 

compartments carrying metabolic enzymes. 

The variant protein proximal interactions were analysed by STRING (Szklarczyk et al., 

2015) (Fig. 3.11). NDNp.D66N proximal proteins formed two clusters of proteins (Fig. 3.11A), 

NDNp.VL109AA (Fig. 3.11B) and NDNp.A280P (Fig. 3.11C) proximal proteins formed three 

clusters, and NDNp.R265C formed 8 clusters of proteins (Fig. 3.11D). All the variant proteins had a 

cluster of proximal proteins that function in mRNA metabolism. NDNp.R265C had a greatly 

expanded cluster of mRNA metabolic proteins which included the proteins YBX1, DHX9 and 

HNRNPU, which are three members of a 5-protein complex that binds to the CRD domain of c-myc 

mRNA (Weidensdorfer et al., 2008). NDNp.D66N, NDNp.VL109AA, and NDNp.R265C all 

interact with the proteins CACYBP and SUGT1 which both function in ubiquitination (Kitagawa et 

al., 1999; Yan, Li, and Liu, 2017). NDNp.VL109AA and NDNp.R265C both interact with PEX19 

and ACBD3 which function in protein transport (Ferdinandusse et al., 2015; Jones, Morrell, and 

Gould, 2004). Both NDNp.A280P and NDNp.R265C interact with a cluster of metabolic proteins 

consisting of GAPDH, ENO1, GPI, LDHA, LDHB, and PKM. The metabolic protein LDHB also 

interacts with AHCY; however, AHCY is not a part of the metabolic cluster. NDNp.R265C also 

interacted with clusters of proteins that function in cell signalling (CRK, CRKL, and IRS4) (Koval 

et al., 1998; Matsuda et al., 1996; Hinsby, Olsen and Mann, 2004) and protein folding (CCT5, 

CCT7, and STRN4) (Goudreault et al., 2009; Seo et al., 2009).  

The NDNp.A280P variant occurred de novo on the paternally inherited allele in a child with a 

neurodevelopmental disorder, Smith-Magenis syndrome. We assembled a list of proteins that were 
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biotinylated in all three replicates of necdin-BirA*-A280P and then analyzed these proteins using 

STRING (Szklarczyk et al., 2015). The necdin-BirA*-A280P interactome included two networks: a 

cluster of nine proteins important for mRNA metabolism, and a cluster of six metabolic enzymes, 

most of which were not present in the BirA*-GFP control experiment (Fig. 3.11D). Interestingly, there 

were some proteins detected proximate to the WT necdin protein that were lost from the p.A280P 

interactome, and a set of proteins with metabolic functions were gained in the interactome of this 

variant. STRING analysis revealing three interacting clusters of necdin-A280P proximate proteins, 

one of which overlaps with the mRNA-associated cluster for WT necdin (cluster 1, Fig. 3.3A, Fig. 

3.11D). Necdin-A280P is also proximate to a cluster of proteins associated with metabolic functions 

labeled as cluster 2 (Fig. 3.11D). The metabolic protein LDHB also interacts with AHCY; however, 

AHCY is not a part of the metabolic cluster. Cluster 3 is comprised of two ATP synthase subunits, 

ATB5A1 and ATB5B, along with Matrin 3 (MATR3). MATR3 is involved in mRNA binding and 

stability (Salton et al., 2011). The interaction of ATP5A1 and MATR3 was further examined using 

BioGRID. The interaction was identified in a co-fractionation experiment where ATP5A1 was used 

as the bait. Both proteins share the function “poly-A binding.” It is unlikely that all three proteins in 

cluster 3 form a complex altogether. Thus, NDNp.A280P encodes a variant necdin protein that 

maintains a core set of interactions with mRNA binding proteins but also interacts with a new protein 

network not typically found in the vicinity of the WT necdin protein. 
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Figure 3.11. STRING-generated known and predicted interactions among proteins in 

proximity to necdin-A280P by BioID-MS. Interactions among proximate proteins were identified 

using STRING revealing three clusters of variant necdin proximate proteins. The interactome of 

necdin variant proteins overlap with the mRNA-associated segment of the interactome of WT 

necdin labeled. A) NDNp.D66N is proximal to two clusters of proteins that function in 

ubiquitination and mRNA metabolism. B) NDNp.VL109AA is proximal to two clusters of proteins 

that function in ubiquitination, protein transport, and mRNA metabolism. C) NDNp.A280P is also 

proximate to clusters of proteins associated with metabolism, ATP synthase, and mRNA 

metabolism. D) NDNp.R265C was proximal to 8 protein clusters that function in mRNA 

metabolism, cell signalling, metabolism, protein folding, ubiquitination, and protein transport. 

Interactions were based on experimental data, and not text-mining or co-expression. The confidence 

of the predicted interaction was based on a STRING database minimum edge score of 0.4. 
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3.3 Discussion  

Using proximity-dependent biotin identification and mass spectrometry, we identified 24 

proteins in proximity to necdin in cultured HEK293 cells, including four previously described necdin-

interacting proteins and 20 novel necdin-proximate proteins. There is little overlap between the 

interactors identified here and other studies of necdin interacting proteins. This may represent 

differences between cell types and interaction methods used. Alternatively, as BioID can detect weak, 

transient, or indirect protein-protein interactions, many of the proteins in the necdin interactome may 

reside at a farther distance from necdin than those proteins previously identified as direct interactors 

by other methods. We investigated whether any of the necdin proximate proteins interacted with one 

another, which would suggest new necdin-containing complexes. We identified two clusters of 

proteins, both of which function in RNA metabolic processes. Furthermore, when investigating 

functional enrichment among the necdin-proximate proteins, there was also GO term enrichment for 

RNA metabolic processes. This points to a novel role for necdin in RNA binding and processing. Most 

interestingly, two highly related cytoplasmic poly(A) binding proteins (PABP) were detected as 

necdin interactors: PABPC1 and PABPC4 bring each mRNA polyA tail into proximity of the eIF4F 

complex at the 5’cap of mRNA (Katzenellenbogen et al., 2010). Both PABP proteins contain 4 RNA 

binding domains and a “MLLE” domain that binds a PAM2 motif found in other proteins, including 

three proteins identified in our screen, PAIP1, PAIP2, and ATXN2L (Albrecht and Lengauer, 2004). 

Co-expression of necdin increased PAIP2 abundance, and this activity is modulated by ubiquitination. 

Two other necdin-proximate RNA-binding proteins also complex with PABPC1: LARP1, which 

binds the mRNA 5’ cap and promotes translation of certain mRNAs (Tcherkezian et al., 2014), and 

the eukaryotic initiation factor complex component eIF4G1 (Hong et al., 2017; Imataka et al., 1998; 

Tarun and Sachs, 1996; Tcherkezian et al., 2014). This finding led us to compare our list of necdin-

proximate proteins with proteins bound to RNAs, and more specifically, to mRNAs detected in studies 

that used photoreactive nucleoside-enhanced UV crosslinking (PAR-CLIP) in cultured human cells 

(Baltz et al., 2012; Castello et al., 2012). Six additional RNA binding proteins, the RNA helicase 

DDX3X that binds eIF4G (Su et al., 2018), the DNA/RNA helicase ASCC3, the translation repression 

complex component GIGYF2, the heterogeneous nuclear ribonucleoprotein HNRNPU, the ubiquitin-

associated protein UBAP2L and the RNA splicing factor SF3B2 encode RNA-associated proteins 

identified from our necdin-proximate list. Recently, MAGEA11 was shown to alter the 

polyadenylation of the 3’ UTR of mRNA through ubiquitination of a subunit of the 3’ mRNA 
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processing complex (Yang et al., 2020). Necdin may also regulate proteins involved in mRNA 

processing in a similar manner, particularly as MAGE proteins can act in heterodimers with other 

MAGE proteins. Many MAGE-RING E3 ligase-deubiquitinase functions are mediated by interactions 

with the MHD WH-A (Doyle et al., 2010; Kozakova et al., 2015). Further experiments are required 

to determine whether mutations in the MHD interfere with necdin-dependent regulation of PAIP2 

ubiquitination and stability.  

RNA-binding proteins are commonly found as background contaminants in protein-protein 

interaction studies (Mellacheruvu et al., 2013), raising a concern that the enrichment we noted for 

RNA-binding proteins is a spurious finding. Nonetheless, BioID has successfully been used to identify 

the interactomes of RNA-binding proteins (Trotman et al., 2018; Youn et al., 2018). For example, a 

recent study used BioID in HEK293 cells to identify 144 core stress granule or processing body 

components: these organelles are the location of mRNA processing, transport, translation, and 

ultimately degradation in the cell (Jain et al., 2016; Youn et al., 2018). Of these proteins, six were in 

proximity to necdin in our assay (ATXN2L, DDX3X, PABPC1, PABPC4, UBAP2L, and SUGT1 

(Suppressor of G2 allele of SKP1 homolog). Notably, PAR-CLIP detects proteins in direct contact 

with RNA, whereas in BioID, the biotin labeling radius is ~10 nm (Roux et al., 2012), thus identifying 

both direct interactors and non-interacting proximate proteins.  

We also tested whether there were changes in necdin-proximate proteins in response to cellular 

stress. After treatment with arsenite, all but three of the proteins proximate to necdin in unstressed 

cells were still proximate in stressed cells. There were, however, a far greater number of proteins 

identified as necdin-proximate under stress conditions compared to normal conditions, perhaps 

because of the increased proximity of proteins held in stress granules, leading to a higher rate of 

labeling. There was still functional enrichment amongst interacting proteins for RNA binding and 

processing, and for proteins that are a part of ribonucleoprotein complexes. This enrichment may be 

because of a role necdin is playing in translational regulation in response to cellular stress. Notably, 

there were three serine/arginine-rich splicing factors identified in this screen from seven-member 

protein family that function in the alternative splicing of mRNA (SRSF3, SRSF4, and SRSF6) and in 

the shuttling of specific mRNA from the nucleus (SRSF3) (Muller-McNicoll et al., 2016). Association 

with these proteins may indicate a novel role for necdin in the processing and nuclear-cytoplasmic 

shuttling of mRNA in response to stress. The stressed proximate necdin interactome was also enriched 

for nitrogen metabolic processes. This may indicate a further role for necdin in protein degradation 

and amino acid metabolism in addition to its RNA metabolic function. Together, these results do not 
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show an altered function for necdin under stress conditions, as it still appears to interact primarily 

with proteins involved in RNA metabolism. However, changes in the necdin-proximate RNA 

metabolic proteins may indicate altered targets for necdin under stress conditions. Previous studies 

have implicated necdin in stress responses: necdin interacts with and regulates the levels of CCAR1 

(Cell Cycle Apoptosis Regulatory Protein) in myoblasts (Francois et al. 2012), and CCAR1 relocates 

to RNA stress granules after arsenite treatment in HeLa cells (Kolobova et al. 2009). Further work is 

needed to assess whether necdin plays a role in cellular stress response, whether endogenous necdin 

localizes to stress granules, and whether specific mRNAs are subject to regulation by necdin.   

Seven necdin-proximate proteins have been previously implicated in neurodevelopmental 

disorders (ASCC3 (Musante and Ropers, 2014), CC2D1A (Manzini et al., 2014), DDX3X (Snijders 

Blok et al., 2015), EIF4G1 (Lopes et al., 2016), GIGYF2 (Wang et al., 2016), HNRNPU (Bramswig 

et al., 2017; Leduc et al., 2017), and SYAP1 (Prasad et al., 2012). Interestingly, genes involved in 

RNA and DNA metabolism are enriched among risk genes for intellectual disability and autism 

spectrum disorder (Jonkhout et al., 2017). More work will have to be done to determine whether loss 

of necdin contributes to neurodevelopmental impairment in Prader-Willi syndrome through a role in 

RNA metabolism or transcriptional repression, two functional categories that were enriched among 

the necdin-proximate proteins identified by BioID-MS.  

A few necdin mutations had previously been studied in a cellular context. For example, 

mutations P225Y and D234P but not G233A significantly increase necdin nuclear localization, 

supporting this study’s conclusion that necdin interacts with transportin1 in PC-12 cells (Lavi-

Itzkovitz et al., 2012). We identified the interactome of the NDNp.A280P variant protein using BioID-

MS and compared it to the BioID-MS-generated interactome of WT necdin. This coding variant of 

unknown significance arose de novo, on the paternally inherited allele in an individual with autism 

spectrum disorder and features of Smith-Magenis syndrome (Berger et al., 2017). This individual also 

carries a missense mutation in the MAPK8IP3 gene, which encodes the protein c-Jun-amino-terminal 

kinase-interacting protein 3 (JIP3). Mutations in MAPK8IP3 have also been found in individuals who 

present with neurodevelopmental symptoms (Iwasawa et al., 2019; Platzer et al., 2019). The individual 

with NDNp.A280P had several overlapping phenotypes with the individuals carrying MAPK8IP3 

mutations but also presented with disrupted sleep due to respiratory difficulties as well as several 

behavioral issues not reported in the other cohort. The NDN p.A280P mutation could contribute to 

these additional phenotypes. The p.R265C mutation, located nearby in WH-B of the MHD, also had 

a large set of “Gained” proximate proteins. In contrast, necdin-p.VL109AA variant had fewer 
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interactors than WT necdin and very few gains in interactions. Thus, mutations in the MHD may alter 

the binding affinity of necdin with its interacting partners. The WH-B of the MAGEG1 protein binds 

DNA through its WH-B domain (Zabrady et al., 2016), and it is possible that necdin WH-B mutations 

disrupt interactions with DNA or DNA binding proteins, although DNA binding was not one of the 

major GO categories to emerge from our analysis. Lastly, NDNp.D66N had very few losses (2 

proteins) or gains (6 proteins) of interactions compared to the WT necdin protein. These may reflect 

legitimate differences in the ability of this common necdin variant to interact with specific proteins or 

may instead reflect the lower limit of the utility of BioID-MS to detect differences in the interactomes 

of proteins that differ only subtly in their amino acid sequence. Notably, all necdin variants retained 

their interactions with a group of proteins important in mRNA metabolism (DDX3X, EIF4G1, 

PABPC1 (PABP), LARP1, GIGYF2, PAIP2). In particular, the polyadenylate-binding protein-

interacting protein 2 (PAIP2) is considered a higher confidence necdin interactor because of its 

absence from lists of common contaminants in BioID experiments and lack of proximity to BirA*-

GFP in a parallel BioID-MS internal control experiment. Necdin and PAIP2 co-immunoprecipitated, 

and necdin controls the stability of PAIP2 through ubiquitination. The abundance of PAIP2 directly 

regulates the rate of translation through interactions with eIF4G and PAPB, showing that translation 

initiation is directly controlled by the ubiquitin-proteasome system (Sonenberg and Pause, 2006). In 

neurons, PAIP2 regulates synaptic plasticity and memory formation through its activity in the control 

of protein synthesis (Khoutorsky et al., 2013). Our results could be useful in understanding the cellular 

function of necdin, as well as its possible involvement in intellectual disability and autism spectrum 

disorder. Further interaction studies in cells of neuronal and muscular origin could identify necdin-

proximate proteins of additional relevance to PWS and other neurodevelopmental disorders. 

In conclusion, we used proximity-dependent labeling and mass spectrometry to identify novel 

proteins in proximity to necdin, a protein implicated in Prader-Willi syndrome. We explored the 

possibility that BioID-MS could be used to assess the pathogenicity of protein variants in 

neurodevelopmental disorders. Currently, variants of unknown significance detected by exome 

sequencing or other genomic methods present a major challenge for the correct diagnosis of genetic 

disease, particularly when they occur de novo in genes encoding proteins of poorly described function 

(Thiffault et al., 2018). In silico methods (e.g. CADD, SIFT, Polyphen) and structural predictions 

combined with evidence from model organisms or functional studies can support or oppose the 

assertion that a variant is indeed relevant to the phenotype in the patient. Studies that demonstrate that 

variations located in protein-protein interaction domains abolish known interactions can be useful in 
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assessing pathogenicity, but are limited to proteins of well understood function, and only to restricted 

regions of those proteins. In contrast, studies like ours that broadly assess the possibility that variants 

of unknown significance cause gains or losses of protein-protein interactions have not to our 

knowledge been published. Our study provides a proof of concept that BioID-MS in cultured cells 

could be used to support the assertion that a particular variant is pathogenic through its effect on the 

protein interactome, obviating the need to develop gene-specific functional assays 
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Chapter 4. The impact of mutation on MAGEL2 function 

4.1 Introduction 

 Schaaf-Yang syndrome (SYS) is a neurodevelopmental disorder caused by de novo or 

paternally inherited protein-truncating mutations in MAGEL2, the L2 member of the melanoma-

associated antigen gene (MAGE) family (Schaaf et al., 2013). MAGEL2 is also deleted or 

inactivated in individuals with Prader-Willi syndrome (PWS), a related neurodevelopmental 

disorder that is clinically similar to SYS. The most common phenotypes in SYS are intellectual 

disability and developmental delay, followed by feeding problems, neonatal hypotonia, joint 

contractures, autism spectrum disorder, and endocrine dysfunction (Fountain et al., 2017; McCarthy 

et al., 2018). There is a wide spectrum of phenotypic traits and severity among individuals with SYS 

(McCarthy et al., 2018), and children with MAGEL2 mutations have otherwise been diagnosed with 

severe hypotonia with respiratory distress (Xiao et al., 2020), recurrent fetal malformations (Guo et 

al., 2019), arthrogryposis multiplex congenita and endocrine dysfunction (Enya et al., 2018), 

Chitayat-Hall syndrome (distal arthrogryposis, intellectual disability, dysmorphic features and 

hypopituitarism (Jobling, Gregory, Patak), Crisponi/cold-induced sweating syndrome (hyperthermia, 

camptodactyly, feeding and respiratory difficulties, scoliosis) (Buers et al., 2020), hypotonia/obesity 

syndrome (Kleinendorst et al., 2018), or Opitz trigonocephaly-C (Urreizti et al., 2017). A perinatal 

lethal phenotype is associated with a specific mutation (c.1996delC, p.Q666Sfs∗36), and severe 

phenotypes are associated with c.1996dupC (p.Q666Pfs*47, found in 40% of cases) (Bayat, Bayat, 

Lozoya, and Schaaf, 2018; Guo et al., 2019;Fountain et al., 2017; Jobling et al., 2018; Matuszewska 

et al., 2018; Mejlachowicz et al., 2015; McCarthy et al, 2018; Soden et al., 2014; Tong et al., 2018; 

Urreizti et al., 2017; Xiao et al., 2020). More moderate SYS phenotypes are associated with 39 

different protein-truncating mutations located elsewhere in MAGEL2 (Fountain et al., 2017; 

McCarthy et al., 2018). Studies in mice also support a critical role for the MAGEL2 in normal 

development and function of the nervous and endocrine systems, muscle, and bone. Mice carrying a 

paternally inherited C-terminally truncated Magel2 allele have phenotypes reminiscent of SYS, 

including perinatal lethality and behavioral abnormalities (Baraghithy et al., 2018; Bischof, Stewart 

and Wevrick, 2007; Fountain et al., 2017; Kamaludin et al., 2016; Kozlov et al., 2007; Luck, 

Vitaterna, and Wevrick, 2016; Oncul et al., 2018; Pravdivyi, Ballanyi, Colmers, and Wevrick, 2015; 

Mercer et al., 2009; Mercer and Wevrick, 2009; Mezaine et al., 2015; Schaller et al., 2010; Tennese 

and Wevrick, 2011) and abnormal body composition, endocrine dysfunction, low muscle tone and 
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scoliosis (Bischoff, Stewart and Wevrick, 2007; Kamaludin et al., 2016; Kozlov et al., 2007; Luck, 

Vitaterna, and Wevrick, 2016; Pravdivyi, Ballanyi, Colmers, and Wevrick, 2015; Mercer et al., 

2009; Mercer and Wevrick, 2009; Tennese and Wevrick, 2011). 

 MAGEL2 encodes a protein of 1249 amino acids (Fig. 4.1A). It was initially thought that the 

5’ end of the MAGEL2 mRNA was not translated, so functional studies to date have examined only 

the C-terminal portion of the MAGEL2 protein (Boccaccio et al., 1999; Devos, Weselake and 

Wevrick, 2011; Gur et al., 2014; Hao et al., 2013; Hao et al., 2015; Kuwako, Taniura, and 

Yoshikawa, 2004; Lee et al., 2005; Wijesuriya et al., 2017). The N-terminal region of MAGEL2 is 

proline- and glutamine-rich, while the C-terminal region contains a ubiquitin-specific protease 

(USP7)-binding domain (U7B) and a 270 amino acid conserved MAGE homology domain (MHD) 

(Urreitzi et al., 2017; Mitchell et al., 2018). MAGE proteins regulate the activities of 

deubiquitination proteins with antagonistic activities, through interactions between the MHD and 

variable domains of the E3 ubiquitin ligases and deubiquitinases (DUBs) to form MAGE-RING E3 

ligase complexes (Doyle et al., 2010; Lee and Potts, 2017; Feng et al., 2011). Thus, MHDs serve as 

multi-functional hubs for the ubiquitination (Ub) and deubiquitination (DUb) of key substrates in the 

cell. By modulating the activity of deubiquitinating enzymes, MAGEL2 regulates the 

vesicular/endosomal trafficking of membrane-bound receptors through ubiquitination of trafficking 

proteins, and regulates the stability of proteins important for nuclear-cytoplasmic trafficking, cilia, 

centrosomes and other cellular activities (Carias et al., 2020; Kamaludin et al., 2016; Hao et al., 

2013; Wijesuriya et al., 2017). Interactions between the C-terminal region of MAGEL2 and other 

proteins have been investigated using yeast two-hybrid screens (Kozakova et al., 2015), affinity 

capture western (Hao et al., 2013), MAPPIT (Wijesuriya et al., 2017), and proximity-dependent 

labeling (Wijesuriya et al., 2017). Collectively, these studies identified a set of 28 proteins that 

interact with MAGEL2 in human cells. 

Mutations in the MHD of MAGE proteins are predicted to disrupt protein-protein 

interactions and to disrupt function. In fact, missense, frameshift or nonsense mutations in MAGE 

genes cause genetic disorders: MAGED2 is mutated in Bartter syndrome (Laghmani et al., 2016), 

NSMCE3 (MAGEG1) in a chromosome breakage syndrome called LICS (van der Crabben et al., 

2016), and MAGEA9 and MAGEB4 in male infertility (Fon Tacer et al. 2019; Lo Giacco et al. 2014; 

Okutman et al. 2017). We found that missense mutations in necdin (a MAGE protein encoded by 

NDN) alter protein-protein interactions, using proximity biotinylation (BioID) coupled with affinity 

capture and LC-MS/MS in cultured human cells (Chapter 3; Sanderson et al., under review). We 
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also found that mutations in the MHD of MAGEL2 impair the ability of MAGEL2 to promote the 

cell surface expression of the leptin receptor and to regulate the deubiquitination and stability of the 

circadian rhythm protein CRY1 and the Bardet-Biedl syndrome protein BBS2 (Wijesuriya et al., 

2017)(Carias et al., 2020; Carias et al., 2020; Hao et al., 2015).  

Despite a growing body of evidence supporting a critical role for MAGEL2 in development 

and physiology, there is still little known about its cellular role. The most common, and most severe 

SYS-causing mutations introduce a frameshift mutation at Q666 of MAGEL2, leading to premature 

truncation of the protein after a further 36 or 47 amino acids. As a single exon gene, stop/frameshift 

mutations in MAGEL2 are not predicted to cause nonsense-mediated RNA decay. Mutant MAGEL2 

RNA has been detected at a low level in a human fetus carrying p.Q666Sfs∗36 (Mejlachowicz et al., 

2015 ). As protein-protein interactions are critical to many cellular processes (Alberts, 1998; Boehr 

and Wright, 2008; Ngounou Wetie et al., 2014), and children with moderate to severe SYS lack the 

C-terminus of MAGEL2, we decided to investigate this part of the MAGEL2 protein using a two-

pronged approach. First, we identified proteins in proximity to C-terminal portion of MAGEL2 (its 

“interactome”) using in vivo proximity-dependent biotin identification (BioID) and affinity capture 

coupled to liquid chromatography–tandem mass spectrometry (LC-MS/MS) in cultured human cells. 

Second, we examined the effect of amino acid substitutions on the MAGEL2 interactome 

(Wijesuriya et al., 2017; Carias et al., 2020). This study demonstrates the potential utility of protein-

protein proximity mapping for the assessment of possibly pathogenic variants in MAGEL2. 
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Figure 4.1. Generation and validation of BirA*-CtermMAGEL2 constructs. A) The1249 amino 

acid human MAGEL2 open reading frame can be divided into a N-terminal (blue) portion and a C-

terminal portion (red). The MAGEL2 C-terminus contains the MAGE homology domain (MHD, 

residues 1027-1197, yellow) and a ubiquitin-specific protease (USP7)-binding domain (U7B, 

residues 949-1004, green). A 3xFLAG epitope tag and BirA* were fused in frame to the C terminal 

region of human MAGEL2. 3xFLAG-BirA*-CtermMAGEL2 constructs carrying p.LL1031AA and 

p.R1187C (black arrows) were also generated. B) Wild-type (WT) FLAG-BirA*-CtermMAGEL2 

protein or variant FLAG-BirA*-CtermMAGEL2 proteins were detected in protein lysates from 

stably transfected HEK293 Flp-In cells induced with tetracycline by immunoblotting with anti-

FLAG antibodies. C) Expression of FLAG-BirA-MAGEL2 or variants in stably transfected 

HEK293 Flp-In cells plated on coverslips was induced using tetracycline and visualized using anti-

FLAG antibodies and confocal microscopy (green signal). Nuclei were counterstained blue with 

Hoechst.  
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4.2 Results 

4.2.1 MAGEL2 interacting proteins were identified by BioID-MS 

We created HEK293 Flp-In T-REx cells stably transfected with a 3xFLAG epitope-tagged-

BirA* biotin ligase fused in frame to the C-terminal 645 residues of the MAGEL2 open reading 

frame (293-CtermMAGEL2 cells, Fig. 4.1A) (Couzens, et al., 2013; Roux, et al., 2013). By design, 

the FLAG-BirA*-CtermMAGEL2 construct integrates as a single copy into a fixed site in the 

HEK293 Flp-In T-REx cells, and expression of FLAG-BirA*-CtermMAGEL2 is inducible with 

tetracycline. Immunoblotting of cell lysates confirmed inducible expression of the FLAG-BirA*-

CtermMAGEL2 fusion protein at the expected molecular weight (Fig. 4.1B). Recombinant FLAG-

BirA*-CtermMAGEL2 protein was detected in the cytoplasm of induced 293-CtermMAGEL2 cells 

by indirect immunofluorescence microscopy, consistent with previous studies (Fig. 4.1C) (Devos, et 

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

To identify CtermMAGEL2-proximate proteins using BioID, expression of FLAG-BirA*-

CtermMAGEL2 was induced in 293-CtermMAGEL2 cells cultured in excess biotin. Biotinylated 

proteins were affinity-purified from six biological replicate cell lysates, processed by tryptic 

digestion, and analyzed by LC-MS/MS. Altogether, 108 biotinylated proteins were detected by mass 

spectrometry (Supplementary Table 1; raw data available upon request). These proteins are 

predicted to have passed within 10 nm of FLAG-BirA*-CtermMAGEL2 (Kim, et al., 2014). 

MAGEL2 itself was identified in all six biological replicates, as the FLAG-BirA*-CtermMAGEL2 

fusion protein undergoes auto-biotinylation. We retained proteins found in at least three of six 

replicate samples and not present at high levels in a contaminant repository for affinity purification-

mass spectrometry data (CRAPome, see Methods) (Mellacheruvu, et al., 2013). After this data 

processing, 44 biotinylated proteins were identified as putative CtermMAGEL2-proximate proteins, 

of which two, USP7 and clathrin 1 (CLINT1), were previously identified as CtermMAGEL2 

interactors by tandem affinity purification (Hao, et al., 2015) (Supplementary Table 1; raw data 

available upon request). 

 

4.2.2 Functional and Gene Ontology analyses of MAGEL2 proximate proteins revealed 

putative MAGEL2 complexes 

We investigated whether physical interactions among any of the 44 CtermMAGEL2-

proximate proteins had been previously detected, using the online tool STRING (Protein-Protein 
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Interaction Networks Functional Enrichment Analysis) (Szklarczyk, et al., 2019). We did not 

consider interactions that were based solely on text-mining or co-expression data, focussing on 

physical interactions, thus creating six clusters of CtermMAGEL2-proximate proteins (Fig. 4.2). 

STRING also generates Gene Ontology (GO) terms for the physically associated clusters of 

proteins. Clusters 1 and 2 contain RNA binding and processing proteins. Three Cluster 1 proteins, 

DHX9, YBX1, and HNRNPU, associate with IGF2BP1, which binds to the Coding Region 

instability Determinant (CRD) of mRNAs and regulates their stability (Weidensdorfer, et al., 2009). 

HNRNPK, which binds the internal ribosome entry site (IRES) of c-myc mRNA (Evans et al., 

2003), is also in Cluster 1. Cluster 2 also includes mRNA binding proteins: DEAD-box helicase 

eukaryotic initiation factor 4A-1 (eIF4A1), eIF4B, and eIF4G are required for binding of ribosomal 

proteins to RNA to facilitate translation (Modelska, et al., 2015; Shahbazian, et al., 2010). These eIF 

proteins interact with DDX3X, a DEAD-box helicase that can substitute for eIF4E in the eukaryotic 

initiation complex (Soto-Rifo, et al., 2013). eIF proteins are also components of stress granules 

(Soto-Rifo, et al., 2013). Clusters 3-6 proteins perform a variety of cellular functions. Cluster 3 

includes four proteins in the glycolysis cellular pathway (GAPDH, ENO1, PKM, and LDHA) that 

are associated with each other with high confidence (STRING edge confidence value of 0.7-0.9) 

(Haspula, et al., 2019; Yang, et al., 2020). Cluster 4 is composed of three proteins: CRK-like protein 

(CRKL), interferon-induced protein with tetratricopeptide repeats group 5 (IFIT5), and talin-1 

(TLN1), which all function in cellular signaling (Birge, et al., 2009; Sakamoto, et al., 2010; Zheng, 

et al., 2015). Cluster 5 is composed of two proteins classified under the GO term “regulation of 

mitotic cell cycle.” STE20-like kinase (SLK) mediates apoptosis and actin stress fiber dissolution 

(O'Reilly, et al., 2005), while NSFL1 cofactor p47 (NSFL1C) is important for fragmentation and 

reassembly of Golgi stacks during cell division (Tang, et al., 2013). Finally, Cluster 6 is composed 

of the proteins adafin (MLLT4/ADFN) and exocyst complex component 4 (EXOC4): both are PDZ 

domain containing proteins that act at the cell membrane, functioning in the formation of cell-cell 

junctions and the docking of vesicles at the cellular membrane respectively (Kim, et al., 2012; Zhou, 

et al., 2005). 
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Figure 4.2. STRING analysis of proteins in proximity to CtermMAGEL2 as detected by 

BioID-MS. The 44 CtermMAGEL2-proximate proteins (Suppl. Table S1, see also Methods) were 

analyzed using STRING, revealing six clusters of proteins. The confidence of the predicted 

interaction was based on a STRING database minimum edge score of 0.4. 
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We next examined whether biological processes or molecular function pathways were 

enriched among MAGEL2-proximate proteins, using the Cytoscape app ClueGO (Bindea, et al., 

2009) (Table 4.1). Gene ontology terms that were enriched among MAGEL2-proximate proteins 

were ribonucleoprotein complex binding, glycolysis, maintenance of protein location in the cell, 

protein localization to cytoskeleton, cadherin binding, and NAD binding. Proteins were grouped into 

categories and sub-categories based on their association with each term. The category with the most 

proteins was cadherin binding (MLLT4/AFDN, CLINT1, CORO1B, CRKL, CTTN, DDX3X, 

EEF2, ENO1, GCN1, GIGYF2, HNRNPK, LARP1, LDHA, MRE11, NUDC, PKM, RANGAP1, 

SERBP1, SLK, TLN1, and UNC45A) followed by ribonucleoprotein complex binding, including 

subheadings related to translation initiation as well as RNA binding and processing (DDX3X, 

DHX9, EEF2, EIF4B, EIF4G1, GCN1, GEMIN5, HNRNPU, and LARP1). As expected, 

classification in ClueGo mirrored the cores of clusters that were identified by STRING protein-

protein interaction analyses. The CRD-binding proteins at the core of the STRING generated Cluster 

1 had the same classification in ClueGO. The core of Cluster 2 (eF4GA1, eF4B, and eF4G1), all fell 

under translation initiation complex formation, while DDX3X was also grouped with each of these 

proteins under various RNA binding and processing functions. Glycolysis proteins (Cluster 3) 

shared this classification in ClueGO. Finally, several of the cell signaling and cellular junction 

forming proteins from Clusters 4 and 6 were also classified in the cadherin binding GO term.  
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Table 4.1. Gene Ontology analysis of proteins in proximity to CtermMAGEL2 as detected by 

BioID-MS. The 44 CtermMAGEL2-proximate proteins (Suppl. Table S1) were analyzed using the 

Cytoscape app ClueGO to reveal functional enrichment of Gene Ontology terms. The analyses 

included GO Biological Process, GO Molecular Function, and REACTOME Pathways. Proteins were 

classified into groups which included multiple GO terms. The different groups are colour coded. A 

group p value indicates the significance of the association of the proteins with the functional term.   



81 
 

We then combined the 44 newly identified MAGEL2-proximate proteins with the 28 

existing MAGEL2-interacting proteins using STRING, forming eight groups of proteins (Fig. 4.3). 

Group 1 connects the trafficking proteins PCID2, VPS26A, and VPS35 to the translation initiation 

complex made of DDX3X, eIF4GA1, eIF4B and eIF4G. These groups are connected by the 

interaction between DDX3X and PCID2, which both function in RNA export (Hogbom, et al., 

2007). These mRNA binding proteins are connected to the metabolic complex identified in the 

BioID data through the previously identified MAGEL2-interacting proteins NDE1 and NME7, 

which bind to microtubules and centrosomes (Bradshaw, et al., 2013; Guven, et al., 2012; Liu, et al., 

2014). PCM1, which was identified by BioID, is linked to NDE1 and NME7 as it is required for 

centrosome assembly (Dammermann and Merdes, 2002). Group 2 connects the CRD binding 

proteins identified in BioID to the MAGEL2-interacting proteins USP7, RFC2, and FANDC2, 

which function in transcription regulation. Group 3 contains proteins involved in ubiquitination, had 

the addition of the BioID identified protein UBA2PL. Group 4 contains BioID proteins involved in 

cellular stress response and MAGEL2-interacting proteins MAPK3 and IRS4. Group 5 is composed 

of the previously identified MAGEL2-interacting protein HAT1 and the BioID-identified protein 

NASP, which are components of a prenucleosomal histone complex (Shuaib, et al., 2010). Groups 6 

and 8 were identified by BioID (Clusters 5 and 6, Fig. 4.2). Group 7 is made up of previously 

identified MAGEL2 interactors, COPS3 and COPS4, which are components of the COP9 

signalosome complex (Wicker and Izumi, 2016).  
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Figure 4.3. Combined STRING analysis of proteins in proximity to CtermMAGEL2 by BioID-

MS and previously identified MAGEL2 interacting proteins. MAGEL2-interacting proteins that 

were previously identified by tandem-affinity purification, those found in the BioGRID database and 

proteins identified in BioID-MS experiments were analyzed using STRING. Interactions between 

CtermMAGEL2-proximate and interacting proteins were identified using STRING, revealing eight 

clusters of proteins. Previously identified MAGEL2 interactions are marked with a star if identified 

by TAP-MS or a diamond if from other studies on BioGRID. The confidence of the predicted 

interaction was based on a STRING database minimum edge score of 0.4. 
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4.2.3 Amino acid substitutions in the MHD affect CtermMAGEL2 interactions. 

Amino acid changes can disrupt function by altering protein-protein interactions that are 

important for cellular processes. We therefore examined whether CtermMAGEL2 carrying amino 

acid substitutions in the MHD would produce a different set of proximate proteins compared to 

wild-type (WT) CtermMAGEL2, as detected by BioID-MS. We tested two variant FLAG-BirA*-

CtermMAGEL2 constructs, which were generated by site-directed mutagenesis then stably 

transfected into Flp-In T-Rex HEK293 cells to generate cell lines that are isogenic to the WT cell 

line except for the presence of the engineered mutation (Fig. 4.1A). MAGEL2p.LL1031AA is 

homologous to a mutation in the MAGEG1/NSMCE3 protein that interferes with MHD interactions 

with other proteins (van der Crabben, et al., 2016). MAGEL2p.R1187C was modeled on a 

pathogenic missense mutation in a highly conserved arginine residue in the MHD of MAGED2 

(p.R446C) identified in a patient with Bartter syndrome (Laghmani, et al., 2016). These MAGEL2 

mutations interfere with MAGEL2 function in ubiquitination processes related to leptin receptor 

trafficking and other ubiquitination-related processes (Carias, et al., under review; Carias, et al., 

2020; Wijesuriya, et al., 2017). Expression and subcellular localization of each variant FLAG-

BirA*-CtermMAGEL2 protein was verified by immunoblotting of cell lysates and 

immunofluorescence microscopy of tetracycline-induced cells (Fig. 4.1B, C). 

Proteins in proximity to variant CtermMAGEL2 proteins were identified by BioID-LC-

MS/MS and compared to those identified for WT CtermMAGEL2 protein. Some proteins proximate 

to WT CtermMAGEL2 were not proximate to variant CtermMAGEL2 proteins (“lost” interactions, 

Fig. 4.4A), and some proteins were proximate to variant CtermMAGEL2 proteins but were not 

detected in the WT interactome (“gained” interactions, Fig. 4.4B). With stringent rules to define 

“lost” interactions (not detected in any of the three replicates with variant CtermMAGEL2), the 

p.LL1031AA interactome lost 19 proteins and the p.R1187C interactome lost 6 proteins from the list 

of 44 WT interactors (Fig. 4.4A). Likewise, defining a “gain” of interaction as present in all three 

replicates for variant CtermMAGEL2 protein but absent from all six WT replicates, new proximate 

proteins were identified for both variants. One protein gained by p.R1187C had previously been 

identified as a MAGEL2 interactor by MAPPIT (IRS4, (Wijesuriya, et al., 2017)). 
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Figure 4.4. CtermMAGEL2 proteins carrying amino acid substitutions have losses and gains 

of proximate proteins compared to WT CtermMAGEL2. A) Proteins present (P) in at least 3 out 

of 6 replicates of BioID-MS with the WT CtermMAGEL2 protein but absent (A) in all three 

replicates of BioID-MS with the variant CtermMAGEL2 protein are listed. Functional categories for 

proteins are also indicated. B) Proteins absent (A) in 6 out of 6 replicates of BioID-MS with the WT 

CtermMAGEL2 protein but present (P) in all three replicates with either of the variant 

CtermMAGEL2 proteins are listed Functional categories for proteins are also indicated. 
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Overall, the p.LL1031AA variant had fewer proximate proteins (25) and the p.R1187C variant had 

more proximate proteins (57), compared to the 44 WT protein interactions (Supplementary Table 1; 

raw data available upon request). Using STRING to investigate changes in protein clusters, we 

found that p.LL1031AA proximal proteins formed four clusters (Fig. 4.5A), while the p.R1187C 

proximal proteins formed five clusters (Fig. 4.5B). Both variant proteins maintained interactions 

with the glycolytic cluster of proteins as well as the mRNA binding proteins, but both mutant 

proteins lost interactions with the CRD binding proteins YBX1 and DHX9, which formed the core 

of WT Cluster 1. The p.R1187C MAGEL2 protein is still proximate to additional members in the 

mRNA binding core cluster containing the proteins eIF4A1, eIF4B, eIF4G1, and DDX3X, while 

p.LL1031AA maintained proximity to fewer proteins in this cluster. p.R1187C is proximate to more 

proteins involved in cellular stress response. The p.R1187C Cluster 4 is an expansion of WT Cluster 

4, with the addition of the adaptor protein crk (CRK). IRS4 is the only member of this cluster not 

associated with cellular stress response. However, IRS4 is involved in cellular signaling, linking it 

with the proteins CRK and CRKL (Karas, et al., 2001; Koval, et al., 1998).   
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Figure 4.5. STRING-generated known and predicted interactions among proteins in proximity 

to CtermMAGEL2 p. LL1031AA and CtermMAGEL2 p. R1187C by BioID-MS. Interactions 

among CtermMAGEL2-LL1031AA and CtermMAGEL2-R1187C proximate proteins were 

identified using STRING. A) Four clusters of CtermMAGEL2-LL1031AA proximate proteins were 

identified. B) CtermMAGEL2-R1187C proximate proteins formed 7 clusters. The confidence of the 

predicted interaction was based on a STRING database minimum edge score of 0.4. 
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4.3 Discussion 

MAGEL2 is mutated in people with Schaaf-Yang syndrome and inactivated in people with 

Prader-Willi syndrome, but the cellular mechanisms by which MAGEL2 causes dysfunction in these 

disorders are unknown. We used proximity-dependent biotin identification to identify MAGEL2-

proximate proteins and to assess the impact of MHD mutations on the MAGEL2 interactome. We 

identified 44 proteins in proximity to CtermMAGEL2 in HEK293 cells, including two previously 

described MAGEL2-interacting proteins, USP7 and CLINT1. Many of these MAGEL2-proximate 

proteins were previously shown to physically associate with each other, forming six clusters that 

function in RNA metabolic processes, cellular stress response, and glycolysis. When combined with 

previously identified MAGEL2-interacting proteins, eight functional groups of proteins were 

identified. Proximate and interacting proteins were enriched for GO terms like RNA metabolic 

processes, cadherin binding, and glycolysis, pointing to possible novel roles for CtermMAGEL2.  

Proximity to other proteins changed with MHD mutations that were originally modeled on 

homologous mutations in other MAGE proteins. These MHD mutations (MAGEL2p.R1187C and 

MAGEL2p.LL1031AA) affect MAGEL2 function or protein proximity. MAGEL2 with MHD 

mutations were no longer proximal to the CRD binding proteins YBX1 and DHX9, even though all 

six replicates with the wild-type MAGEL2 protein showed biotinylation/proximity to YBX1 and 

DHX9. We recently demonstrated that homologous mutations in the MHD of another MAGE 

protein, necdin, alter the necdin interactome (Chapter 3; Sanderson, et al., under review). 

Interestingly, an arginine to cysteine MHD mutation in either MAGEL2 or NDN 

(MAGEL2p.R1187C and NDNp.R265C, modeled on the Bartter syndrome mutation 

MAGED2p.R446C) both increased the number of proximal proteins (Chapter 3; Sanderson, et al., 

under review) and this report). For example, IRS4 interacts with MAGEL2 (Wijesuriya, et al., 2017) 

but was not identified as proximal to WT CtermMAGEL2, but was proximal to CtermMAGEL2 

p.R1187C. This particular variant may result in the MHD being proximal to proteins for an extended 

period, increasing biotinylation and detection by MS. These results mirror those seen for 

NDNp.R265C, supporting the idea that this arginine to cysteine mutation impacts MHD protein-

protein interactions. Likewise, both CtermMAGEL2p.LL1031AA (this study) and NDNp.VL109AA 

(Chapter 3; Sanderson, et al., under review) have fewer proximal proteins identified by BioID-MS 

than their WT counterparts. These interactions are likely to be physiologically relevant, as suggested 

by the observation that pathogenic mutations in the MHD of MAGEG1/NSMCE3 cause LICS by 
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disrupting interactions with NSCME4, thus destabilizing the SMC5/6 complex (Li, et al., 2015; van 

der Crabben, et al., 2016).  

Our study does have some limitations. BioID can detect weak, transient, or indirect protein-

protein interactions, so many of the proteins that we identified may not have direct interactions with 

MAGEL2. While HEK293 cells have some neuronal phenotypes (Stepanenko and Dmitrenko, 

2015), they do not normally express MAGEL2, so some proximate proteins may not be 

physiologically relevant in the tissues where it is normally expressed, such as brain, muscle and 

bone. Although we detected altered proximity of variant MAGEL2 protein to other proteins, we 

could not definitively assess the biological impact of the mutations. Endogenous MAGEL2 protein 

has not yet been detected by immunoblotting, so we were unable to verify interactions with 

endogenous MAGEL2 protein. This study also examined the C-terminus of MAGEL2 in isolation 

from the largely unstructured N-terminus of the MAGEL2 protein. Nonetheless, this study provides 

a body of evidence from which to begin to expand on what we know about the interactions 

MAGEL2 has in the cell and how mutant proteins can impact those interactions. In conclusion, we 

used proximity-dependent labeling and mass spectrometry to identify novel proteins in proximity to 

MAGEL2. We identified 42 novel MAGEL2-proximate proteins and identified a number of 

functional pathways that MAGEL2 may contribute to. Further studies are needed to determine 

whether BioID-MS can be used to examine the functional impact of MAGEL2 missense mutations 

identified in individuals carrying a clinical diagnosis of SYS. 
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Chapter 5. The MAGEL2 interactome: MAGEL2 interacts with 

RNA binding proteins 

5.1 Introduction 

MAGEL2 encodes the L2 member of the melanoma-associated antigen gene (MAGE) protein 

family. Despite a growing body of evidence supporting a critical role for MAGEL2 in development 

and physiology, there is still little known about its cellular role. MAGE proteins are defined by their 

conserved MAGE homology domain (MHD), which interacts with variable domains of the E3 

ubiquitin ligases and deubiquitinases (DUBs) to form MAGE-RING E3 ligase complexes (Lee and 

Potts, 2017; Feng, Gao, and Yang, 2011; Doyle et al., 2010). The 5’ end of the MAGEL2 mRNA 

was initially not thought to be translated, therefore functional studies to date have examined only the 

C-terminal portion of the MAGEL2 protein, which contains the MHD (Boccaccio et al., 1999; 

Devos, Weselake, and Wevrick, 2011; Gur, Fujiwara, Hasegawa, and Yoshikawa, 2014; Hao et al., 

2013; Hao et al., 2015; Kuwako, K., Taniura, H. and Yoshikawa, 2004; Lee et al., 2005; Wijesuriya 

et al., 2017). These studies found that the C-terminal portion of MAGEL2 regulates the endosomal 

trafficking of membrane-bound receptors and other key cellular proteins (Hao et al., 2013; Hao et 

al., 2015; Kamaludin et al., 2016; Wijesuriya et al., 2017). Studies that identified interacting proteins 

have also only examined the C-terminal portion of MAGEL2 (Hao et al., 2013; Wijesuriya et al., 

2017). 

De novo or paternally inherited protein-truncating mutations in the MAGEL2 gene cause 

Schaaf-Yang syndrome (SYS), a rare neurodevelopmental disorder (Schaaf et al., 2013). Infants 

with SYS typically present with developmental delay, feeding problems, hypotonia, and joint 

contractures, followed by intellectual disability, autism spectrum disorder, and endocrine 

dysfunction (Fountain et al., 2017; McCarthy et al., 2018). The most common SYS mutation causes 

a frameshift in the middle of the 1249 amino acid open reading frame (c.1996dupC, p.Q666Pfs*47), 

and is associated with moderate to severe phenotypes. A prenatal or perinatal lethal phenotype is 

associated with the reciprocal mutation, c.1996delC, p.Q666Sfs∗36, while protein-truncating SYS 

mutations also occur elsewhere in the gene (Bayat et al., 2018;Fountain et al., 2017; Guo et al., 

2018; Jobling et al., 2018; Matuszewska  et al., 2018; McCarthy et al., 2018; Mejlachowicz et al., 

2015; Urreizti et al., 2017; Soden et al., 2014; Tong et al., 2018; Xiao et al., 2020). To date, 

missense mutations causing SYS have not been reported. MAGEL2 is a single exon gene, so mutant 

MAGEL2 RNA is unlikely to be subjected to nonsense-mediated decay, and instead may lead to the 
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production of a truncated protein that contains only the N-terminal portion of MAGEL2 

(Mejlachowicz et al., 2015).  

In this report, we identified proteins in proximity to the full length MAGEL2 protein (its 

interactome) using in vivo proximity-dependent biotin identification (BioID) and affinity capture 

coupled to LC-MS/MS in cultured human cells. The MAGEL2 “interactome” partially overlapped 

with the interactome of the C-terminus of MAGEL2. Our study suggests that the N-terminus of 

MAGEL2 is proximate to families of proteins that function in mRNA metabolism and cellular stress 

responses (Fu and Zhuang, 2020; Yu et al., 2018; Zhou et al., 2015). These results could shed light 

on the phenotypes associated with SYS that result complete or partial loss of MAGEL2 protein.  

 

5.2 Results 

5.2.1 Annotation of MAGEL2 functional domains and features 

Human MAGEL2 (1249 amino acid (aa) residues) contains a conserved MAGE homology 

domain (MHD, pfam01454, aa 1027-1195), which defines its membership in the MAGE family of 

proteins (Boccaccio et al., 1999; Chomez et al., 2001; Lee and Potts, 2017; Lee et al., 2000) (Fig. 

5.1A). A second protein motif, also in the C-terminal part of the protein was experimentally 

determined: U7B, from aa 820-1034, binds to the TRAF domain of the ubiquitin-specific protease 

USP7 (Hao et al., 2013). We used NCBI Conserved Domain Database (CDD v.3.17) to analyze the 

MAGEL2 protein. The MHD was considered to be a specific hit, representing a very high 

confidence that the query sequence belongs to the same protein family as the sequences used to 

create the domain model (Marchler-Bauer et al., 2017). CDD also identified seven “non-specific” 

domains as hits, all of which exceed the default threshold for statistical significance (Fig. 5.1A). The 

portion of MAGEL2 N-terminal to U7B (aa 1-819) is rich in proline (28%), alanine (15%) and 

glutamine (11%) residues, and is predicted to be basic (theoretical isoelectric point 11.5). The N-

terminal portion of MAGEL2 contains two adjacent PHA03247 domains, which are low complexity 

regions rich in alanine, proline, and serine residues (Ludwig and Krieger, 2016). CDD also 

identified a Atrophin-1 domain that contains a polyglutamine repeat (Wood et al., 1998), a 

topoisomerase II-associated PAT1 domain (Wang et al., 2009), a PRK14951 region that is shared 

with the DNA polymerase III subunits gamma and tau, a PABP-1234 region that is shared among 

the mRNA-binding PABP proteins, and a PcoB domain, which is present in proteins that bind to 

copper and extrude it from the cell. The unusual amino acid composition contributes to its predicted 
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instability: its “Instability index (II)” is computed to be 79, where a protein whose instability index 

is smaller than 40 is predicted as stable (Guruprasad, Reddy, and Pandit, 1990) (Fig. 5.1A). 
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Figure 5.1. Generation and expression of BirA*-MAGEL2 constructs. A) Diagram of human 

MAGEL2 protein (UniProt Q9UJ55) showing length in amino acid (aa) residues. Domains are 

described in the accompanying chart, and were predicted by CDD, except for the USP7 binding 

domain (U7B), which was previously experimentally determined. Disordered versus ordered regions 

(computed by JRONN) [119] Red: potentially disordered region, Blue: probably ordered region. 

Hydropathy has been calculated using a sliding window of 15 residues and summing up scores from 

standard hydrophobicity tables. Red: hydrophobic, Blue: hydrophilic. Adapted from Protein Data 

Bank: https://www.rcsb.org. B) A 3XFLAG epitope tag and BirA* biotin ligase were fused in frame 

with B) the entire 1249 amino acids of MAGEL2 open reading frame or 645 amino acids of the C-

terminal end of the MAGEL2 open reading frame. C) Stably transfected HEK293 cell lines express 

MAGEL2 when induced. FLAG-BirA-MAGEL2 (MAGEL2) and FLAG-BirA-CtermMAGEL2 

(CtermMAGEL2) proteins were detected in protein lysates from stably transfected HEK293 Flp-In 

cells induced with tetracycline by immunoblotting with anti-FLAG antibodies. D) Expression of 

FLAG-BirA*-MAGEL2 in stably transfected and induced HEK293 Flp-In cells plated on coverslips 

visualized using anti-FLAG antibodies and confocal microscopy. MAGEL2 expression is detected by 

indirect immunofluorescence with anti-FLAG antibodies (green). Nuclei were counterstained blue 

with Hoechst. 
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5.2.2 MAGEL2 interacting proteins were identified via BioID-MS 

We and others previously identified proteins that either complex with or are in proximity to 

the C-terminal portion of MAGEL2 by proximity labeling and mass spectrometry or other methods 

such as two-hybrid screens, affinity capture western and MAPPIT with proximity-dependent 

labeling (Hao et al., 2013; Hao et al., 2015; Wijesuriya et al., 2017). We now wanted to identify 

physiologically relevant proteins in proximity to the entire MAGEL2 protein, reasoning that we 

could compare these proteins to those identified for the C-terminal portion, implicitly identifying 

candidate proteins in proximity to the unstudied N-terminal portion of MAGEL2 (Fig. 5.1B). 

HEK293 Flp-In T-REx cells were stably transfected with a 3xFLAG epitope-tagged- BirA* biotin 

ligase fused in frame to the N-terminus of the entire MAGEL2 open reading frame (Fig. 5.1B) 

(Couzens et al., 2013; Roux et al., 2013). There is a fixed site for single copy integration of the 

FLAG-BirA*-MAGEL2 construct in the HEK293 Flp-In T-REx cells. Immunoblotting of lysates 

from the resulting 293-MAGEL2 cells confirmed the expression of the FLAG-BirA*-MAGEL2 

fusion protein at the expected molecular weight after induction of expression with tetracycline (Fig. 

5.1C). The presence of recombinant FLAG-BirA*-MAGEL2 protein in the cytoplasm of induced 

293-MAGEL2 cells was detected by indirect immunofluorescence microscopy, as expected 

(Wijesuriya et al., 2017) (Fig. 5.1D).  

Expression of FLAG-BirA*-MAGEL2 was induced in 293-MAGEL2 cells cultured in 

excess biotin, then biotinylated proteins were affinity-purified from biological triplicate cell lysates, 

processed by tryptic digestion, and analyzed by liquid chromatography–tandem mass spectrometry 

(LC-MS/MS). Altogether, 71 biotinylated proteins were detected by mass spectrometry, and these 

proteins are predicted to have passed within 10 nm of FLAG-BirA*-MAGEL2 (Kim et al., 2014) 

(Supplementary Table 1; raw data available upon request). MAGEL2 itself was identified in all 

three biological replicates, as the FLAG-BirA*-MAGEL2 fusion protein undergoes auto-

biotinylation. We eliminated proteins found in only one of three replicate samples or present at high 

levels in a contaminant repository for affinity purification-mass spectrometry data (CRAPome, see 

Methods) (Mellacheruvu et al., 2013), leaving 34 proteins in the MAGEL2 interactome (Fig. 5.2). 
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Figure 5.2. Venn diagram of proteins proximate to full length MAGEL2 and CtermMAGEL2 

or both. Proteins present (P) in 2 out of 3 replicates of BioID-MS with MAGEL2, CtermMAGEL2 

or both proteins are listed. Functional categories for proteins only proximate to full length MAGEL2 

are indicated. See also Fig.5.1 for GO terms associated with proximate proteins.  
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5.2.3 Functional analysis of MAGEL2 Bio-ID MS data revealed putative MAGEL2 

complexes 

We investigated whether the 34 MAGEL2-proximate proteins form complexes with one 

another, using the online tool STRING (Protein-Protein Interaction Networks Functional 

Enrichment Analysis) (Szklarczyk et al., 2019) (Fig. 5.3). STRING also generates Gene Ontology 

(GO) terms for the physically-associated clusters of proteins. We did not consider interactions that 

were based solely on text-mining or co-expression data, focussing on physical interactions, 

identifying six clusters of MAGEL2-proximate proteins. Cluster 1 and 2 contain a set of RNA 

binding and processing proteins. At the core of Cluster 1 is Polyadenylate-binding protein 1 

(PABPC1), a protein that binds to the poly (A) tail of mRNA and regulates it through splicing and 

stability (Grosset et al., 2000; Lim et al., 2014). Other proteins in Cluster 1 are also involved in 

mRNA metabolism: CSDE1, DDX3X, HNRNPK, HNRNPU, TNRC6A, TNRC6B, SERBP1 and 

ZFR (Habelhah et al., 2001; Haque et al., 2018; Landthaler et al., 2008; Lee et al., 2014; Valentin-

Vega et al., 2016; Ye et al., 2015). Cluster 2 is made up of UBAP2L and PRRC2A, which both bind 

and process RNA. In Cluster 3, SEC16A and SEC24B function in export of cargo from the 

endoplasmic reticulum (Cho et al., 2018; Piao et al., 2017; Merte et al., 2010). Ubiquitin-associated 

protein 2-like (UBAP2L) is involved in stress granule assembly (Huang et al., 2020; Wu et al., 

2019) and proline-rich coiled-coil 2 A (PRRC2A) is a m6A reader protein (Wu et al., 2019). PUM1 

(Pumilio homolog 1) and CLINT1 (Clathrin interactor 1) are Golgi-associated vesicle interacting 

proteins that form Cluster 4 (Jassal et al., 2020). PUM1 binds to mRNA and directs it to be 

repressed or translated (Goldstrom et al., 2018), and CLINT1 plays a role in clathrin-coated vesicles 

from the trans-Golgi network (Miller et al., 2007). FUBP3 and KHSRP, which fall under the GO 

term “regulation of gene expression”, form Cluster 5. Nuclear migration protein (NUDC) plays a 

role in neuronal cell migration (Aumais et al., 2001), while glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) is a metabolic protein: these proteins form Cluster 6. Functional pathways 

enriched amongst MAGEL2 proximate proteins were detected using the Cytoscape app ClueGO 

(Bindea  et al., 2009) (Table 5.1). Enriched categories included regulation of regulation of 

transctiption initiation, RNA stabilization, regulation of mRNA catabolic process and negative 

regulation of cellular amide process. The largest category (proteins encoded by GIGYF2, HNRNPK, 

HNRNPU, KHSRP, PABPC1, PUM1, SERBP1, TNRC6A, TNRC6B, UBA52, YTHDF2, and 

YTHDF3) is “regulation of mRNA catabolic process” and overlaps with STRING Clusters 1, 4 and 

5.  
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Figure 5.3. Known and predicted interactions of proteins in proximity to MAGEL2 by BioID-

MS, analyzed by STRING. The 34 proteins identified in at least 2 out of 3 replicate BioID-MS 

experiments with MAGEL2 and not eliminated as background contaminating proteins (Suppl. Table 

1) were analyzed using STRING. Interactions among MAGEL2-proximate proteins were identified 

using STRING, revealing six clusters of proteins. The confidence of the predicted interaction was 

based on a STRING database minimum edge score of 0.4. 
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Table 5.1. Gene Ontology analysis of proteins in proximity to MAGEL2 by BioID-MS. The 34 

proteins MAGEL2-proximate proteins (Suppl. Table 1) were analyzed using the Cytoscape app 

ClueGO to reveal functional enrichment of Gene Ontology terms. The analyses included GO 

Biological Process, GO Molecular Function, and REACTOME Pathways. Proteins were classified 

into groups which included multiple GO terms. The different groups are colour coded. A group p 

value indicates the significance of the association of the proteins with the functional term.  
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5.2.4 The full-length MAGEL2 interactome contains proteins that are not in the C-

terminal MAGEL2 interactome 

We previously performed a similar BioID-MS study with only the C-terminal portion of 

MAGEL2, which contains the USP7 binding region and the MHD (aa 604-1249) (Chapter 4, Fig. 

5.1). We compared the 34 proteins proximate to full length MAGEL2 to the 44 proteins proximate 

to the C-terminal region of MAGEL2 protein. As expected, many of the MAGEL2-proximate 

proteins had previously been identified as proximate to the C-terminal region of MAGEL2 (Fig. 5.2, 

Fig. 5.4, Fig. 5.5). Of note, 22 proteins were new to the full length MAGEL2 interactome, 

suggesting that they are in proximity to the N-terminal portion of MAGEL2. Nineteen of the 22 

proteins are involved with transcription or mRNA processing proteins, including many proteins that 

interact with each other in Clusters 1, 2, and 5 (Fig. 5.3). Two sets of RNA-binding proteins were 

included: TNRC6A (GW182), TNRC6B and YTHDF1, YTHDF2, and YTHDF3. TNRC6A and 

TNRC6B (trinucleotide repeat containing adaptor 6A/B) are paralogs of the Drosophila GW182 

scaffolding proteins, and act in post-transcriptional gene silencing through the RNAi (RNA 

interference) and microRNA pathways. TNRC6A/B complexes with mRNAs and Argonaute 

proteins in P-bodies in the cytoplasm, and can recruit CCR4-NOT and PAN deadenylase complexes 

to repress mRNAs (Baillat and Shiekhattar, 2009). YTHDF1, YTHDF2, and YTHDF3 (YTH N6-

methyladenosine RNA binding protein 1/2/3) are important for modification of RNAs by 

methylation (m6A modification) to alter the rate of mRNA translational output. YTHDF proteins 

share a YTH binding domain with which they bind to m6A methylation of mRNA (Fu and Zhuang, 

2020). Relevant to the previously described function of MAGEL2 in ER to Golgi transport, 

SEC16A and SEC24B interact with the full length MAGEL2 protein but not the C-terminus (Cho et 

al., 2018; Piao et al., 2017; Merte et al., 2010). PABPC1 (polyadenylate binding protein C1) is also 

in the full length interactome but not the Cterminal interactome, and the N-terminus of MAGEL2 

itself contains a PABP domain between residues 117-256. PABP proteins recognize poly(A) tail of 

mRNA, but also have roles in many different RNA metabolic pathways, including transport of 

mRNAs from the nucleus to the cytoplasm (Goss, D.J. and Kleiman, 2013). PABPC1 also binds 

TNRC6A, suggesting that the MAGEL2 N terminus may function as a PABP-like protein, given 

that it is proximate to both PABPC1 and TNRC6. 



101 
 

 

Figure 5.4. Comparison of MAGEL2 and Cterm MAGEL2 proximate proteins. Proteins 

present (P) in 2 out of 3 replicates of BioID-MS with the MAGEL2 and CtermMAGEL2 protein are 

listed. Some of these proteins were lost (L) in all three replicates of BioID-MS with either the full 

length MAGEL2 or CtermMAGEL2 protein. Functional categories for proteins are also indicated. 
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Figure 5.5. STRING and analyses of MAGEL2 interactome. The proteins identified in BioID-

MS experiments with MAGEL2 (blue) and C-terminal MAGEL2 (red) along with previously 

identified MAGEL2 interacting proteins (green) were analyzed using STRING. Interactions among 

MAGEL2-proximate proteins were identified using STRING, revealing eight clusters of proteins. 

The confidence of the predicted interaction was based on a STRING database minimum edge score 

of 0.4. 
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5.2.5 Investigation of the relationships between MAGEL2 and YTHDF1, 2, 3  

Given that BirA*-MAGEL2 proximity labels YTHDF1/2/3, we expect that MAGEL2 and 

YTHDF1/2/3 should be present in the same cellular compartments and may also be near enough to 

form protein complexes. To test this, we transiently co-transfected U2OS cells, then detected the 

encoded recombinant proteins by confocal microscopy (Fig. 5.6). MAGEL2 and each YTHDF 

protein are present diffusely in the cytoplasm of U2OS cells, with overlap in the cytoplasmic and 

perinuclear region of the cell. Transient transfection and immunoprecipitation of FLAG-tagged 

YTHDF1, YTHDF2, or YTHDF3 co-immunoprecipitated co-expressed V5-MAGEL2 (Fig. 5.7). 

Thus, MAGEL2 and YTHDF1/2/3 proteins can indeed form protein complexes, at least in this 

exogenous expression system. However, V5-CtermMAGEL2 did not co-immunoprecipitate with 

any of the YTHDF proteins, consistent with BioID results that showed YTHDF proteins in 

proximity to full length MAGEL2 but not the C-terminal portion of MAGEL2 
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Figure 5.6. MAGEL2 co-localizes with all three YTHDF proteins. Co-localization of FLAG- 

YTHDF1 (A), FLAG-YTHDF2 (B) and FLAG-YTHDF3 (C) with MAGEL2 was visualized in 

transfected U2OS cells by immunofluorescence microscopy. Yellow signal in the merged image 

indicates where protein expression overlaps. Nuclei are stained blue with Hoechst dye. Representative 

cells are shown.  
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Figure 5.7. MAGEL2 co-immunoprecipitates with all three YTHDF proteins. U2OS cells were 

transfected with FLAG-YTHDF1, FLAG-YTHDF2 or FLAG-YTHDF3 and either V5-MAGEL2 (M) 

or V5-CtermMAGEL2 (C). Protein complexes were immunoprecipitated using anti-FLAG M2 gel. 

10% of the cell lysate was immunoblotted to confirm the presence of all proteins.  
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5.2.6 MAGEL2 alters stability of YTHDF2 and YTHDF3 

MAGEL2 is an adaptor for protein ubiquitination, a posttranslational modification that alters 

protein stability (Carias et al., 2020; Hao et al., 2013; Wijesuriya et al., 2017). We first tested 

whether USP7, a deubiquitinase and previously characterized MAGEL2 interactor, could alter the 

stability of YTHDF1/2/3. We transiently transfected cells with both USP7 and YTHDF1/2/3. Co-

expression of USP7 decreased the amount of YTHDF1 ~1.5-fold and YTHDF2 ~3-fold, but had no 

effect on the stability of YTHDF3, suggesting that the stability of YTHDF proteins is sensitive to 

ubiquitination (Fig. 5.8A). Co-expression of MAGEL2, an adaptor for USP7, had no effect on the 

abundance of YTHDF1, but co-expression of MAGEL2 decreased the abundance of YTHDF2 ~ 3-

fold and YTHDF3 ~ 4-fold (P<0.05 by Student t test, Fig. 5.8B). However, Co-expression of 

MAGEL2 and USP7 had no effect on the stability of any of the YTHDF proteins (Fig. 5.8C). 

Interestingly, co-expression of CtermMAGEL2 resulted in an increased abundance of YTHDF1 by 

~ 3-fold and YTHDF2 by ~ 2-fold, while YTHDF3 had ~ 2-fold decreased abundance on co-

expression of MAGEL2 (P<0.05 by Student t test) (Fig. 5.8C). We also asked whether mutant 

MAGEL2 proteins CtermMAGEL2LLAA and CtermMAGEL2RC affect the stability of 

YTHDF1/2/3. We found that CtermMAGEL2LLAA decreases the abundance of YTHDF1 ~2-fold 

(Fig. 5.8D) and CtermMAGEL2RC decreases the amount of YTHDF3 ~2-fold (Fig. 5.8E). Thus, 

although the N-terminal region of MAGEL2 is proximal to endogenous YTHDF proteins, the C-

terminal region can modify the abundance of YTHDF proteins even without the N-terminal region. 

We also examined whether cell lines that lack MAGEL2 have a difference in endogenous YTHDF2 

levels. We compared levels of YTHDF2 in induced versus uninduced 293-FLAG-MAGEL2 cells 

and in fibroblasts derived from individuals with PWS versus control fibroblasts but did not detect 

any differences in the amount of endogenous YTHDF2 in these cell lines (Fig. 5.9).  
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Figure 5.8. A) Co-expression of USP7 has varying effects on the abundance of YTHDF1, 

YTHDF2 and YTHDF3. U2OS cells were transiently transfected with combinations of epitope 

tagged constructs. Equal amounts of protein were loaded. Cell lysates were immunoblotted to examine 

the abundance of YTHDF proteins in the presence of empty vector or USP7. * indicates a significant 

difference in protein present (P<0.05 by Student t test). 
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Figure 5.8. B) Co-expression of MAGEL2 has varying effects on the abundance of YTHDF1, 

YTHDF2 and YTHDF3. U2OS cells were transiently transfected with combinations of epitope 

tagged constructs. Equal amounts of protein were loaded. Cell lysates were immunoblotted to examine 

the abundance of YTHDF proteins in the presence of empty vector or MAGEL2. * indicates a 

significant difference in protein present (P<0.05 by Student t test). 
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Figure 5.8. C) Co-expression of MAGEL2 and USP7 has no effect on abundance of YTHDF1, 

YTHDF2 and YTHDF3. U2OS cells were transiently transfected with combinations of epitope 

tagged constructs. Cell lysates were immunoblotted to examine the abundance of YTHDF proteins in 

the presence of empty vector, MAGEL2, USP7, or both MAGEL2 and USP7. * indicates a significant 

difference in protein present (P<0.05 by Student t test). 
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Figure 5.8. D) Co-expression of C-terminal MAGEL2 has varying effects on the abundance of 

YTHDF1, YTHDF2 and YTHDF3. U2OS cells were transiently transfected with combinations of 

epitope tagged constructs. Equal amounts of protein were loaded. Cell lysates were immunoblotted to 

examine the abundance of YTHDF proteins in the presence of empty vector or CtermMAGEL2. * 

indicates a significant difference in protein present (P<0.05 by Student t test). 
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Figure 5.8. E) Co-expression of C-terminal MAGEL2VL1031AA has varying effects on the 

abundance of YTHDF1, YTHDF2 and YTHDF3. U2OS cells were transiently transfected with 

combinations of epitope tagged constructs. Equal amounts of protein were loaded. Cell lysates were 

immunoblotted to examine the abundance of YTHDF proteins in the presence of empty vector or C-

terminal MAGEL2VL1031AA. * indicates a significant difference in protein present (P<0.05 by 

Student t test). 
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Figure 5.8. F) Co-expression of C-terminal MAGEL2R1187C has varying effects on the 

abundance of YTHDF1, YTHDF2 and YTHDF3. U2OS cells were transiently transfected with 

combinations of epitope tagged constructs. Equal amounts of protein were loaded. Cell lysates were 

immunoblotted to examine the abundance of YTHDF proteins in the presence of empty vector of C-

terminal MAGEL2R1187C. * indicates a significant difference in protein present (P<0.05 by Student 

t test). 
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Figure 5.9. Endogenous YTHDF2 abundance is not altered 293-FLAG-MAGEL2 cells or 

fibroblasts derived from individuals with Prader-Willi syndrome. A) Stably transfected 

HEK293 cells harbouring FLAG-MAGEL2 were induced for 24 h. Lysates were harvested and 

immunoblotted to detect endogenous YTHDF2. There was not a significant difference in protein 

present (P>0.05 by Student t test). B) Cell lysates were harvested from both wildtype fibroblasts 

(expressing MAGEL2) and fibroblasts derived from individuals with Prader-Willi syndrome and 

immunoblotted to detect endogenous YTHDF2. There was not a significant difference in protein 

present (P>0.05 by Student t test). Lysates were quantified using a BCA protein assay and equal 

amounts of protein were loaded. 
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5.2.7 MAGEL2 alters YTHDF2 localization and abundance in response to heat shock  

YTHDF2 increases in abundance and localizes to the nucleus in response to heat shock 

(Zhou et al., 2015). Because MAGEL2 affects the abundance of YTHDF2, we asked whether co-

expression of MAGEL2 might modify the responses of YTHDF2 to heat shock. Expression of 

MAGEL2 was induced in 293-FLAG-MAGEL2 cells (24 h), then cells were heat shocked in a 42℃ 

water bath for 1 h and cells harvested at time intervals thereafter. YTHDF2 protein levels increased 

in uninduced 293-FLAG-MAGEL2 cells, consistent with previous findings (Zhou et al., 2015) but 

decreased in cells expressing MAGEL2 (2 way repeated measures ANOVA, F=3.95, F crit=2.87, 

n=3, p=0.016, Fig. 5.10). The amount of MAGEL2 also increased upon heat shock (one way 

ANOVA, F=3.48, F crit=3.478, P=0.0499, Fig. 5.10). We then examined the subcellular localization 

of endogenous YTHDF2 and FLAG-MAGEL2 by fractionating cells into nuclear and cytoplasmic 

fractions. In response to heat shock, levels of YTHDF2 increased in the nucleus, in uninduced 

HEK293 cells, and to a lesser extent in MAGEL2-induced cells (2 way repeated measures ANOVA, 

F=7.68, F crit=4.35, n=3, p=0.012, Fig. 5.11). Interestingly, MAGEL2 abundance in the nucleus 

also increased after heat shock (2 way repeated measures ANOVA, F=94.28, F crit=4.35, n=3, 

P=5.18E-9, Fig. 5.11). 
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Figure 5.10. MAGEL2 and YTHDF2 change in abundance in response to heat shock. 293-FLAG-

MAGEL2 cells were placed in a 42 ℃ water bath for 1 hour. Lysates were harvested at different time 

points, before heat shock (normal), immediately following heat shock (heat shock) and then at 1 h, 2 

h and 4 h following removal from the water bath. A) Lysates from induced cells (expressing 

MAGEL2) were immunoblotted to detect MAGEL2 protein. Equal amounts of protein were loaded. 

B) Lysates from induced (expressing MAGEL2) or uninduced (not expressing MAGEL2) cells were 

immunoblotted to detect endogenous YTHDF2. Equal amounts of protein were loaded. B) The change 

in the amount of MAGEL2 was plotted over time. Protein abundance significantly increased overtime 

by ANOVA *, P<0.05. D) The change in signal intensity of YTHDF2 in induced and uninduced cells 

was plotted over time. There is a significant decrease in the amount of YTHDF2 present in induced 

cells by two way ANOVA *, P<0.05.  
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Figure 5.11. Heat shock changes localization of YTHDF2 and MAGEL2. 293-FLAG-MAGEL2 

cells were placed in a 42 ℃ water bath for 1 hour. Lysates were harvested at different time points, 

before heat shock (normal), immediately following heat shock (heat shock) and then at 1 h, 2 h and 4 

h following removal from the water bath. Cellular fractionation was performed on the lysates. A) 

Uninduced and induced cellular fractions were immunoblotted to examine the abundance of 

endogenous YTHDF2. B) Signal intensity of the band present in the cellular fractions was quantified 

using ImageJ to determine amount of protein present. The change in YTHDF2 signal intensity in the 

nucleus and cytoplasm was plotted over time post heat shock. The amount of YTHDF2 in the nucleus 

of the cell was found to change significantly over time in induced vs uninduced cells by two-way 

ANOVA *, P<0.05. C) Cellular fractions were immunoblotted to examine the abundance of 

MAGEL2. D) The change in MAGEL2 signal intensity was plotted over time post heat shock. There 

is significantly more MAGEL2 present in the nucleus than in the cytoplasm by two-way ANOVA *, 

P<0.05. 
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5.2.8 MAGEL2 has an expanded number of interactions under heat shock 

Levels of total MAGEL2 increased in heat shocked cells, and the relative nuclear abundance 

of MAGEL2 also increased in heat shocked cells compared to non-heat shocked cells. To determine 

whether heat shock also affects the interactome of MAGEL2, we induced MAGEL2 expression in 

293-BirA*-MAGEL2 cells, treated with biotin, heat shocked the cells at 42C for 1 hour, then 

processed the cell lysates for BioID-MS. After eliminating proteins found in only one of three 

replicate samples or present at high levels the CRAPome, 365 MAGEL2-proximal proteins were 

identified in heat shocked cells (Supplementary Table 1; raw data available upon request). Only one 

protein, UBA52, from the non-heat shocked interactome was absent in heat-shocked interactome. 

The heat-shocked proximity interactome was enriched for ribosomal proteins and RNA binding 

processes, specifically mRNA metabolism and mRNA splicing (Suppl Table 2).  

 

5.2.9 MAGEL2 does not affect the abundance of m6A methylation of mRNA. 

YTHDF1/2/3 function as reader proteins in the cell, as such they bind to m6A methylation of 

mRNA and target it for different pathways in the cell (Fu and Zhuang, 2020). Because MAGEL2 

interacts with YTHDF1/2/3 and affects the abundance of YTHDF2/3 we asked whether MAGEL2 

alters mRNA with m6A methylation. We harvested RNA from induced and uninduced 293-FLAG-

MAGEL2 cells, extracted mRNA, and analysed the abundance of m6A using LC/MS-MS. While 

there was a trend towards an increase in the abundance of m6A in cells expressing MAGEL2, the 

difference was not statistically significant (Fig. 5.12). 
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Figure 5.12. MAGEL2 does not affect the abundance of m6A. RNA was extracted from induced 

and uninduced 293-FLAG-MAGEL2 cells. mRNA was purified and analysed via LC-MS/MS. 

Methylation (m6A) was measured as a ratio of methylated adenine to the amount of guanine and 

expressed as a percentage. This work was done by Hailing Shi, in the lab of Dr. Chuan He in the 

Department of Chemistry at the University of Chicago 
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5.3 Discussion 

MAGEL2 is mutated in people with Schaaf-Yang syndrome and inactivated in people with 

Prader-Willi syndrome, but the cellular mechanisms by which MAGEL2 causes dysfunction in these 

disorders are unknown. Bioinformatic analysis of MAGEL2 identified protein domains in the N-

terminal portion that may be important for protein-protein interactions, in addition to the MAGE-

family defining MAGE homology domain located in the C-terminal region. We used proximity-based 

biotinylation assay (BioID) coupled with liquid chromatography and mass spectrometry (LC-MS/MS) 

in HEK293 carrying stably integrated BirA*-FLAG-MAGEL2 constructs cells to identify MAGEL2-

proximate proteins, and for the first time identifying proteins that are proximal to the N-terminal 

portion of MAGEL2. Many MAGEL2-proximate proteins were previously shown to physically 

associate with each other. RNA metabolism, cell migration, and protein transport functional pathways 

were associated with full length MAGEL2 proximal proteins.  

Comparison of proteins proximal to the full length MAGEL2 protein and CtermMAGEL2 

showed that there were proteins that interacted with the full-length protein and not the C-terminal 

protein. These results suggest that the N and C terminal domains of MAGEL2 are both important for 

protein interactions. It is unclear as to why there are proteins proximal to CtermMAGEL2 and not the 

full-length protein. It is possible that without the N-terminal portion of the protein, the MHD is more 

available to bind proteins. It is also possible that the N-terminus obscures proteins that complex with 

the C-terminus or that its unstructured nature increases the volume the protein occupies, putting the 

C-terminal portion out of the 10 nm labeling range of the biotin ligase (Erickson, 2009). The 13 

proteins that are proximal to both MAGEL2 and CtermMAGEL2 represent the proteins that are the 

highest confidence for being direct interactors of MAGEL2. When we analyze the proximal MAGEL2 

and CtermMAGEL2 together using STRING, we find that they form a large network of proteins that 

function in translation initiation and ubiquitination.  

Of the 22 proteins that were identified to interact only with the full length MAGEL2, some 

were part of the same protein families. All three members of the YTHDF family were identified to 

interact with MAGEL2 which function in mRNA metabolism. YTHDF1/2/3 are all m6A reader 

proteins that target mRNA for different pathways in the cell. They also function in cellular stress 

response and are components of stress granules. To confirm the interaction between MAGEL2 and 

the YTHDF proteins identified by BioID, we performed a co-immunoprecipitation. We found that the 

full length MAGEL2 co-immunoprecipitated with all three YTHDF proteins, and CtermMAGEL2 did 
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not. This supports the BioID interaction data and that some MAGEL2 protein interactions are 

dependent on the N-terminus of MAGEL2.  

We next looked at whether co-expression of MAGEL2 alters abundance of the YTHDF 

proteins. We found that abundance of the YTHDF proteins was altered by both full length MAGEL2 

and CtermMAGEL2. These results indicate that while Cterm-MAGEL2 does not directly interact with 

the YTHDF proteins, it is still able to regulate these proteins. Because mutations in the MAGEL2 

have been previously shown to disrupt its ability to regulate protein localization and abundance, we 

asked whether mutations in the MHD of CtermMAGEL2 would affect the ability of MAGEL2 to alter 

stability of the YTHDF1/2/3 proteins. We found that CtermMAGEL2LLAA only altered the 

abundance of YTHDF1 and that CtermMAGEL2RC only altered the abundance of YTHDF3. It 

appears that these mutations disrupt the ability of CtermMAGEL2 to regulate the stability of the 

YTHDF proteins. This further indicates that the MHD is important for the regulation of stability of 

proteins. However, because these mutant proteins still altered stability of one YTHDF protein it is 

likely that the mutations do not fully disrupt interactions with regulatory complexes. Given that the 

mutations only affected one YTHDF protein it is possible that there are different complexes that 

interact with each of the YTHDF proteins and that the two MAGEL2 mutations were disruptive of 

different complexes respectively. When we examined the abundance of endogenous YTHDF2 in 293-

FLAG-MAGEL2 and PWS fibroblasts we did not see any difference in protein abundance in the 

presence or absence of MAGEL2. The affect MAGEL2 had on abundance of YTHDF2 in transiently 

transfected cells may be due to over expression of MAGEL2. It is important to note that both cell lines 

do not normally express MAGEL2, so it is possible that this is the reason that there is no change in 

YTHDF2 abundance in these cell lines.  

We also asked whether USP7 could alter the stability of YTHDF1/2/3. MAGEL2 has been 

previously shown to regulate protein stability by modifying the activity of deubiquitinating enzymes. 

MAGEL2 interacts with USP7 to regulate both protein recycling in the cell and protein stability. We 

found that USP7 alters the abundance of YTHDF1 and YTHDF2. We then asked whether MAGEL2 

and USP7 together would affect the abundance of YTHDF1/2/3. We found that abundance was not 

altered for any of the YTHDF proteins in the presence of MAGEL2 and USP7. Because individually 

MAGEL2 and USP7 alter the abundance of YTHDF1/2/3, ubiquitination may be a mechanism that 

underlies the regulation of these proteins. However, it does not appear that MAGEL2 and USP7 

regulate these proteins together.  
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YTHDF2 has been shown to function in cellular stress response, being essential for stress 

granule formation as well as altering localization and abundance in response to heat shock (Fu and 

Zhuang, 2020; Yu et al., 2018; Zhou et al., 2005). Because MAGEL2 interacts with and alters the 

abundance of YTHDF2, we asked whether expression of MAGEL2 would affect the localization and 

abundance of YTHDF2 in response to stress. We compared the localization of YTHDF2 under heat 

shock in uninduced and induced HEK293-MAGEL2 cells by cellular fractionation. We found that in 

response to heat stress, YTHDF2 moves to the nucleus, but when MAGEL2 expression is induced 

there is a reduced amount of YTHDF2 in the nucleus. We also found that expression of MAGEL2 

reduced the total amount of YTHDF2 present in the cell. In addition, MAGEL2 also localised to the 

nucleus and increased in abundance in response to heat shock. Under conditions of heat shock, 

MAGEL2 is proximal to more proteins, suggesting that may move to new cellular compartments.  

This data suggests, that MAGEL2 may be playing a role in cellular stress response and is regulating 

the abundance of YTHDF2.  

The YTHDF proteins function in mRNA metabolism as reader proteins. They bind to the m6A 

methylation of mRNA and target it for either translation or degradation (Fu and Zhuang, 2020). 

Because MAGEL2 interacts with and affects the abundance of these proteins we asked whether 

expression of MAGEL2 would alter the abundance of m6A mRNA. We found that, while there was a 

trend towards elevated levels of m6A in induced HEK293-MAGEL2 cells, this difference was not 

statistically significant.  

Our study has some limitations. As BioID can detect weak, transient or indirect protein-protein 

interactions, the proteins identified as part of the MAGEL2 interactome, may reside at a father distance 

from MAGEL2 than proteins identified as direct interactors by other methods. The HEK293-Flp-In 

cell line used for these experiments was ideal for comparison of BioID results for different MAGEL2 

proteins because of the single integration site and ability to induce low level expression of the protein 

of interest. While HEK293 cells have some neuronal phenotypes (Stepanenko and Dmitrenko, 2015), 

they do not normally express MAGEL2, so some proximate proteins may not be physiologically 

relevant in the tissues where it is normally expressed, such as brain, muscle and bone. The location of 

the BirA* tag was also a limitation of the study. Both MAGEL2 proteins had N-terminal BirA* tags, 

which was ideal for comparison between the two proteins, but complementary studies on C-terminally 

tagged MAGEL2 proteins would be informative. The co-immunoprecipitation and abundance 

experiments used transient transfection, while studies of endogenous proteins would be preferable; 

unfortunately, there is currently no commercially available antibody for MAGEL2. This study also 
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examined the C-terminus of MAGEL2 in isolation from the largely unstructured N-terminus of the 

MAGEL2 protein. Nonetheless, this study provides a body of evidence from which to begin to expand 

on what we know about the interactions MAGEL2 has in the cell and how mutant proteins can impact 

those interactions. In conclusion, we used proximity-dependent labeling and mass spectrometry to 

identify novel proteins in proximity to MAGEL2. Further studies are needed to determine whether 

BioID-MS can be used to examine the functional impact of MAGEL2 missense mutations identified 

in individuals carrying a clinical diagnosis of SYS. 

Future work will confirm more of the interactions between MAGEL2 and the proteins 

identified by BioID. More work will have to be done to characterize the interactions of the N-terminus 

of MAGEL2 and how they differ from the C-terminus. There will also need to be work done looking 

at the role MAGEL2 is playing in the functional pathways identified, more specifically the role 

MAGEL2 is playing in mRNA metabolism and cellular stress response. There will need to be more 

work on the characterization of the complexes formed between MAGEL2 and the YTHDF proteins, 

and the functional relationship MAGEL2 has with these proteins. Future experiments should examine 

the effect of loss of MAGEL2 on stress granule formation, neuronal differentiation, and changes in 

methylated mRNA levels. These are pathways the YTHDF proteins all function in and are relevant to 

PWS and SYS.  

Our study has identified a series of novel MAGEL2 interacting proteins and functional 

pathways. It appears that the N-terminus of MAGEL2 binds to proteins that the C-terminus does not 

and that both ends of the protein are important for function. It was previously thought that just the 

MHD containing C-terminus was the functional portion of the protein and the N-terminus had no 

function associated with it. By characterizing proteins proximal to both MAGEL2 proteins we were 

able to conduct a more in depth analysis of MAGEL2 complexes than if we had analysed only the 

CtermMAGEL2 protein. We showed that MAGEL2 interacts with a series of RNA binding proteins. 

Specifically, MAGEL2 interacts with and regulates the YTHDF1/2/3 proteins. These proteins are 

important for mRNA regulation, stress granule formation as well as neuronal differentiation. 

MAGEL2 may be playing a role in all these pathways, and the data here suggests that MAGEL2 may 

play a role in response to cellular stress. We have successfully expanded on the role that MAGEL2 is 

playing in the cell. Future work will continue to examine the role MAGEL2 is playing in the pathways 

identified, as well as how its roles in these pathways are relevant to both SYS and PWS.  
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Chapter 6. Final Discussion and Conclusions 

6.1 Aims and Hypothesis 

The genetic disorders Prader-Willi syndrome (PWS) and Schaaf-Yang syndrome (SYS) have 

considerable phenotypic overlap with each other. In these conditions various tissues and body 

systems are impacted. The MAGE family genes, NDN and MAGEL2, are both deleted in PWS, and 

mutations in MAGEL2 cause SYS. There has been considerable work done to study the MAGE 

family of proteins and their roles in the cell. Both necdin and MAGEL2 have been implicated in 

various cellular processes, including cell signalling, protein transport, and protein stability. 

However, the mechanisms by which loss of NDN and MAGEL2 contribute to PWS and mutations in 

MAGEL2 cause SYS are still unknown. Many of the cellular studies that have examined the function 

of both necdin and MAGEL2 did so by studying their interactions with other proteins and how 

disruption of those interactions causes dysfunction (Carias et al., 2020; Friedman and Fan, 2010; 

Kobayashi et al., 2002; Kuwako et al., 2005; Moon et al., 2005; Taniura et al., 1998; Taniura et al., 

1999; Tcherpakov et al., 2002; Wijesuriya et al., 2017). Here, I sought to expand on the functional 

knowledge of both proteins by examining their interactions in the cell using proximity-dependent 

biotinylation (BioID) coupled with liquid chromatography-tandem mass spectrometry (LC-MS/MS). 

We also examined the impact of mutation on protein interactions for both necdin and MAGEL2. We 

were able to identify a series of novel protein interactions for both necdin and MAGEL2 and found 

that mutations in the MAGE homology domain of both proteins impact protein-protein interactions. 

 

6.2 Necdin and MAGEL2 are proximal to proteins that function in RNA 

biology 

Necdin functions in a variety of cellular pathways such as transcriptional regulation, cell 

cycle regulation, cellular differentiation, and axonal elongation (Bush and Wevrick, 2010; Kurita et 

al., 2006; Lee et al., 2005; Tennese et al., 2008). Like other MAGE proteins, necdin interacts with 

RING-ligases to form MAGE-RING-ligase complexes (MRLs) and targets proteins for degradation 

via the ubiquitin-proteasome pathway (Doyle et al., 2010; Francois et al., 2012; Gur et al., 2014). 

Necdin interacts with and regulates the activity of several transcription factors through 

ubiquitination, acetylation, and competitively binding to DNA.  The proteins in proximity to necdin 

identified by BioID were enriched for proteins that are involved in RNA biology, specifically 
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mRNA stability and translation initiation (Fig. 3.3). Necdin binds both transcription factors and 

DNA to regulate transcription (Kobayashi et al., 2002; Kuwako et al., 2005; Hasegawa et al., 2012; 

Matsumoto et al., 2002; Tanuria et al., 1998; Tcherpakov et al., 2002). It is possible that necdin also 

acts at the translational level, interacting with translation initiation factors and even binding to RNA. 

There are proteins known as DNA- and RNA-binding proteins (DRBPs) that bind to both DNA and 

RNA functioning to regulate gene expression, cell survival, and homeostasis (Hudson and Ortlund, 

2014). An example of this type of protein is the glucocorticoid receptor (GCR), which activates the 

transcription of several anti-inflammatory genes and represses the transcription of several pro-

inflammatory genes (Auphan et al., 1995; Surjit et al., 2011). This protein also binds to mRNA of 

pro-inflammatory genes, such as the chemokine ligand 2 (CCL2), and targets them for degradation 

(Dhawan et al., 2007). This means that GCR regulates the expression of inflammatory response 

genes at multiple levels (Hudson and Ortlund, 2014). The cellular roles of DRBPs overlap with what 

we know about the function of necdin, making it possible that it too functions as a DRBP (Fig. 6.1).  
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Figure 6.1. Necdin may be able to bind both DNA and RNA. Necdin is able to bind DNA and is 

able to regulate the gene expression by preventing transcription factor binding. It is possible that 

necdin can also bind RNA and regulate gene expression at the translational level.  
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Many of the necdin proximal proteins are also components of stress granules. Necdin protein 

levels have been previously shown to be regulated in response to cellular stress. Necdin regulates 

the transcription of genes controlling cellular proliferation and apoptosis (Francois et al., 2012; 

Friedman and Fan, 2010; Hasegawa and Yoshikawa, 2008; Huang et al., 2013; Moon et al., 2005). 

Under hypoxic conditions, necdin protein levels are reduced to mediate neuronal stem cell 

proliferation and apoptosis (Huang et al,. 2013; Moon et al., 2005). Necdin can respond to DNA 

damage by regulating the acetylation of p53, a transcription factor that regulates neuronal cell 

apoptosis. DNA damage promotes the acetylation of p53, activating the transcription of genes that 

are proapoptotic. Necdin can deacetylate p53 in response to DNA damage response promoting cell 

survival. It is possible that necdin regulates the expression of mRNA that are important for cellular 

stress response. If necdin protein levels are decreased in response to cellular stress, perhaps necdin is 

held in stress granules to prevent degradation. It is also possible that necdin is important for both 

stress granule formation and regulating mRNA in response to cellular stress. In addition to the 

identification of necdin proximal proteins that function in RNA processing pathways, we identified 

several proteins that function in pathways in which necdin has been previously shown to play a role, 

including transcriptional regulation, cell signalling, and ubiquitination. These results indicate a 

novel role for necdin in RNA biology, but also support previous work in characterizing necdin 

functional pathways in the cell.  

Notable proteins that were identified in the necdin BioID data as high confidence interactors 

include ASCC3, CC2D1A, ECD, MYBBP1A, PAIP2, SUGT1, and SYAP1. We became interested 

in PAIP2 as it is involved in RNA metabolism, regulated by ubiquitination, and important in 

neuronal pathways such as synaptic plasticity (Khoutorsky et al., 2013; Yoshida et al., 2006). In 

addition, we also identified several necdin proximal proteins that interact with PAIP2, including 

PAIP1, PABPC1/4 and EIF4G1 suggesting that necdin may have a role in this protein complex (Fig. 

6.2). These proteins interact with one another to bring about the circularization of mRNA during 

translation initiation (Khaleghpour et al., 2001). The 5’ mRNA cap binding translation initiation 

complex EIF4, comprised of the proteins EIF4E, EIF4A and EIF4G (which has two interchangeable 

forms EIF4G1 and EIF4G2), interacts with the poly(A) binding protein PABP to circularize mRNA, 

facilitating the binding of ribosomes and the initiation of translation (Khaleghpour et al., 2001). 

PAIP2 acts as a repressor of translation, decreasing the affinity of the PABP for polyadenylated 

RNA (Khaleghpour et al., 2001). PAIP1 acts in opposition to PAIP2, competing to bind PABP and 
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activate translation (Khaleghpour et al., 2001). We chose to further examine the relationship 

between necdin and PAIP2 to gain insight into if and how necdin is regulating these proteins.  
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Figure 6.2. Necdin interacts with the translation initiation complex proteins EIF4G1, 

PABPC1/4, PAIP1 and PAIP2. Necdin interacts with several components of the translation 

initiation complex. The protein PAIP1 stabilizes the circularization of mRNA by interacting with 

both PABP and EIF3. PAIP2 inhibits translation by disrupting the interaction between PAIP2, 

PABP, and EIF3. It is possible that necdin is involved in the regulation of translation by mediating 

the stability of the complex through ubiquitination of PAIP2. It is also possible that necdin regulates 

translation by deubiquitination of PAIP1 and PAIP2, thereby determining translational activation or 

repression. 
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MAGEL2 functions as a modulator of ubiquitination, altering protein stability and transport 

within the cell (Carias et al., 2020; Hao et al., 2013; Wijesuriya et al., 2017). The BioID results for 

MAGEL2 indicated that MAGEL2 was proximal to proteins that function in cellular pathways that 

it has previously shown to play a role in, such as ubiquitination, cell signalling, and protein 

transport. In addition, MAGEL2 was proximal to proteins that function in novel pathways, such as 

RNA binding, cellular metabolism, and cellular adhesion. Up until now, MAGEL2 function in the 

cell has focused on its role in ubiquitination complexes. However, these results indicate that similar 

to necdin, MAGEL2 may function in a variety of other pathways. The proteins identified as 

proximal to MAGEL2 may represent both substrates of ubiquitination as well as new complexes that 

MAGEL2 is involved in.  

In the past, studies aimed at understanding the cellular role of MAGEL2 only examined the 

C-terminal portion of the protein, because the N-terminal region was not thought to be translated. In 

our study, we examined interactions of both the CtermMAGEL2 and full length MAGEL2 proteins. 

We found that both proteins shared a series of interactions, but that they also had different 

interacting proteins. Proteins proximal to the full length protein but not the C-terminal protein are 

presumably proximal to the N-terminal portion of the MAGEL2 protein. It is also possible that the 

full length and C-terminal proteins occupy different conformations making them proximal to 

different proteins. Notably, we observed that two families of proteins were proximal to the full 

length MAGEL2 protein but not proximal to CtermMAGEL2. We identified three members of the 

YTH family of proteins, YTHDF1/2/3, as well as two of the TNRC6 proteins, TRNC6A/B. Both of 

these families function in RNA processing. We became particularly interested in the YTHDF 

proteins, as all three family members had been identified as proximal to MAGEL2 and these 

proteins all function in the same RNA processing pathway. RNA undergoes modifications that can 

alter its localization, stability, and activity (Lee, Kim, and Kim, 2014). The most common 

modification of mRNA is N6-methyladenosine (m6A) (Lee, Kim, and Kim, 2014). There are three 

main classes of proteins that function in m6A; writers, which are methyltransferases that methylate 

the adenosine at position N6; erasers, which demethylate the adenosine; and readers, which control 

the fate of the modified mRNA (Lee, Kim, and Kim, 2014). The YTHDF proteins act as readers in 

the regulation of m6A. YTHDF1 mediates the transcription of mRNA (Shi et al., 2018) while 

YTHDF2 functions to degrade mRNA (Du et al., 2016). YTHDF3 works with both YTHDF1 and 

YTHDF2 to facilitate both the translation and degradation of mRNA targets (Li et al., 2017; Shi et 

al., 2017). Since it interacts with all three YTHDF proteins, it is possible that MAGEL2 is part of 
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regulating the targeting of m6A mRNA in the cell (Fig. 6.3). The YTHDF proteins and m6A 

regulation are important in cellular differentiation and neurological function (Shi et al., 2018). This, 

combined with the fact that they were proximal to full length MAGEL2 and not CtermMAGEL2, 

made these proteins the subject of further functional experiments.  
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Figure 6.3. MAGEL2 interacts with the YTHDF family of proteins. The YTHDF proteins act as 

readers, binding to m6A on mRNA and targeting the mRNA for different pathways in the cell. 

YTHDF3 is important for transport of mRNA out of the nucleus, YTHDF1 targets mRNA to be 

translated and YTHDF2 targets mRNA to be degraded. It is possible that through its interactions 

with these proteins that MAGEL2 is functioning in mRNA metabolism.  
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Both necdin and MAGEL2 interact with proteins that bind to and regulate RNA, some of 

which overlap with one another (Fig. 6.4). It is not unusual for MAGE proteins to complex with one 

another or function in similar pathways. Necdin and MAGEL2 work together to bring the leptin 

receptor (LepR) to the USP8-RNF41 complex to facilitate proper recycling of the receptor 

(Wijesuriya et al., 2017). Necdin has also been shown to complex and function with other MAGE 

proteins, MAGEG1 and MAGED1 (Kuwajima et al., 2006; Kuwako, Tanuria, and Yoshikawa, 

2004). Necdin and MAGEG1 act to repress E2F1 transcriptional activity (Kuwako, Tanuria, and 

Yoshikawa, 2004). Necdin and MAGED1 enhance the activation of the Wnt1 promoter in 

GABAergic neurons through interactions with the transcription factor Dlx2 (Kuwajima et al., 2006). 

Necdin and MAGED1 also suppress the activity of transcription factors Msx1 and Msx2 to promote 

skeletal muscle differentiation (Kuwajima et al., 2006). Necdin and MAGED1 also mediate 

endosomal recycling of the p75 neurotrophin receptor (Bronfman et al., 2003). It is possible that the 

overlapping complexes are indicative of a shared role or pathway between necdin and MAGEL2. 

  It is also worth noting that many of the proteins that were identified here by BioID have 

also been implicated in neurodevelopmental disorders (Table 6.1). These results may indicate 

similar pathways and cellular functions that are impacted in both PWS and SYS as well as other 

neurodevelopmental disorders. Future work should examine the putative role of necdin and 

MAGEL2 in the complexes and pathways identified via BioID. It is possible that both proteins are 

acting as regulators of these proteins through their roles in MRL complexes or that they have 

additional roles beyond modifiers of ubiquitination.  
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Figure 6.4. BioID proteins proximal to both necdin and MAGEL2. Comparison of proteins 

identified by BioID as being proximal to both necdin and MAGEL2. Proteins were either present (P) 

or absent (A) from the data sets. In total, 12 proteins were identified as being proximal to both 

necdin and MAGEL2 by BioID. 
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Table 6.1. Proteins identified as proximal to necdin and MAGEL2 by BioID mutated in other 

neurodevelopmental disorders. Abbreviations used; Intellectual isability (ID), Autism spectrum 

disorder (ASD), Developmental delay, (DD), Spinocerebellar ataxia (SCA).  
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6.3 Necdin and MAGEL2 influence the abundance of BioID proximal 

proteins 

We chose to further examine the relationship between necdin and PAIP2, and the 

relationship between MAGEL2 and YTHDF1/2/3. Necdin and MAGEL2 along with either PAIP2 or 

YTHDF1/2/3 were transiently transfected in U2OS cells. Abundance of proteins was measured by 

immunoblotting. We found that both necdin and MAGEL2 affect the abundance of these proximal 

proteins identified via BioID. We found that necdin increases the abundance of the protein PAIP2 

and co-expression of necdin resulted in the deubiquitination of PAIP2, indicating that necdin may be 

regulating PAIP2 through a ubiquitination complex (Fig. 3.5). We also found that MAGEL2 alters 

the abundance of YTHDF1/2/3 (Fig. 5.8), however, the mechanisms through which MAGEL2 is 

regulating these proteins remains to be elucidated. Another MAGE protein, MAGE-A11 was also 

shown to alter translation of mRNA in the cell through ubiquitination of a subunit of a mRNA 

processing complex (Yang et al., 2020). It is possible that both necdin and MAGEL2 share this 

function and regulate proteins involved in RNA metabolism through ubiquitination and 

deubiquitination.  

 

6.4 YTHDF1/2/3 co-immunoprecipitates with MAGEL2 

The interactions between MAGEL2 and YTHDF1/2/3 were confirmed via co-

immunoprecipitation, where YTHDF1/2/3 immunoprecipitated with full length MAGEL2 and not 

CtermMAGEL2 (Fig. 5.7). These results suggest that the N-terminal portion of MAGEL2 is 

important for some protein interactions. While the MAGE homology domain (MHD) is important 

for many of the MAGE protein interactions other regions of necdin have been shown to be 

important for protein interaction. Necdin binds to and represses the activity of the transcription 

factors ARNT2 and HIF1α (Friedman and Fan, 2007). It was found that the N-terminus of necdin is 

important for the interaction with ARNT2 and HIF1α, with the MHD necessary for transcriptional 

repression. It is possible that MAGEL2 has similar interactions, binding the E3-ligase and 

deubiquitinase through its MHD and recruiting the substrate through the N-terminus (Fig. 6.5).  

There were several proteins present in the CtermMAGEL2 data set and not in the full length 

data set. This could be due to the BirA tag being in closer proximity to proteins interacting with 

CtermMAGEL2 when compared with full length MAGEL2 (Fig. 6.6). It would be expected that the 

circumference of the CtermMAGEL2 protein would be approximately 5.5 nm, given its molecular 
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weight and assuming it has a spherical conformation (Erickson, 2009). The circumference of the full 

length MAGEL2 protein would be approximately 7nm (Erickson, 2009). It is likely, however, that 

the full length protein does not adhere to a spherical conformation due to the N-terminus which is 

likely intrinsically disordered due to its proline rich sequence, and the circumference can be 

estimated to exceed 7 nm. The BirA* labelling radius is 10 nm and therefore proteins interacting 

with the C-terminal region of full length MAGEL2 are likely out of the labelling radius. Also, 

depending on the conformation of the complex of proteins that MAGEL2 is a part of, some proteins 

could be out of the range of the biotin ligase. Future work will have to expand on the interaction 

data obtained here by placing the BirA* at the C-terminus of both MAGEL2 proteins, as well as 

examining interactions of the N-terminus and functional characterization of the different domains of 

MAGEL2. 
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Figure 6.5. Model for MAGEL2 protein complexes. Model depicting the way in which MAGEL2 

interacts with E3-ligases (purple) and deubiquitinases (black). MAGEL2 recruits the substrate (red) 

through the N-terminus of the protein to the E3-ligase and deubiquitinase that interact with the 

MHD (yellow) in the C-terminus of the protein.   
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Figure 6.6. Model for protein proximity labelling by BirA*-MAGEL2 proteins. The biotin 

ligase (BirA*) is located at the N-terminus of both the full length MAGEL2 and the CtermMAGEL2 

proteins. The ligase has a labelling radius of 10 nm. Some proteins that interact with the MHD of 

MAGEL2 are out of the range of the ligase fused to the full length protein. Without the N-terminus, 

the CtermMAGEL2 does not interact with the same proteins as the full length MAGEL2.  
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6.5 Necdin and MAGEL2 are involved in cellular stress response 

Both necdin and MAGEL2 interacted with proteins that were associated with stress granules 

and cellular stress response. We asked whether necdin and MAGEL2 had altered proximity to 

proteins under stress. All stress experiments were conducted in 293-stably transfected cell lines 

harboring NDN-FLAG-BirA*, BirA*-FLAG-MAGEL2, or BirA*-FLAG-CtermMAGEL2. 293-

NDN cells were treated with a sodium arsenite, which induces oxidative stress and DNA damage 

(Ruiz-Ramos et al., 2009) as necdin has been shown to respond to this type of stress. We subjected 

the 293-MAGEL2 and 293-CtermMAGEL2 to heat stress, since MAGEL2 had increased abundance 

and moved to the nucleus in response to heat stress. When we performed BioID under stress 

conditions, we found that both necdin and MAGEL2 were proximal to an expanded number of 

proteins. This could be indicative of localization of both necdin and MAGEL2 to stress granules. 

Stress granules are highly dynamic aggregates of proteins and mRNA that are visible by microscope 

under stress conditions (Kedersha et al., 2000; Stoecklin et al., 2013). These aggregates of proteins 

form to quickly alter translation of mRNA in the cell and disassemble when the cell is no longer 

under stress conditions (Guzikowski, Chen, and Zid, 2019; Stoecklin et al., 2013). If necdin and 

MAGEL2 were to localize to a stress granule under stress conditions, it would put them in proximity 

to a greater number of proteins which could explain the expanded BioID datasets.  

We also looked at localization of MAGEL2 under stress conditions using cellular 

fractionation (Fig. 5.10). We found that under stress, MAGEL2 localizes to the nucleus and 

increases in abundance (Fig. 5.11). All the YTHDF proteins increase in abundance in response to 

heat shock (Zhou et al., 2015). YTHDF2 moves to the nucleus of the cell and it is thought that it 

prevents the demethylation of certain mRNA, thereby shifting the translation of mRNA in the cell 

(Zhou et al., 2015). Proteins that promote the transcription of genes that are important to cellular 

stress response will translocate to the nucleus in response to cellular stress (Lin et al., 2007; Shinjo 

et al., 2017). Given the previously described role for MAGE proteins, including necdin, in 

regulation of transcription as well as the newly found interactions between MAGEL2 and 

YTHDF1/2/3, it is possible that MAGEL2 is important for transcription and translational regulation 

under stress.  
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6.6 Effect of mutation on protein interactions 

We also examined the effect of mutations in both necdin and MAGEL2 on protein 

proximity. While there has been work done to understand the role of both proteins in the cell, there 

is not currently a functional assay to test the impact of mutation on either protein. Here, we used 

BioID to assess the impact of mutation on protein proximity. Four mutations were modeled in 

necdin and two mutations were modeled in CtermMAGEL2. Two of the mutations modeled in 

necdin, NDNp.VL109AA and NDNp.R265C, as well as the two mutations modeled in 

CtermMAGEL2, CtermMAGEL2p.LL1031AA and CtermMAGEL2p.R1187C, are analogous to 

disruptive mutations in two other MAGE proteins, MAGEG1 (MAGEG1 p.LL96AA) (Doyle et al., 

2010) and MAGED2 (MAGED2p.R446C) (Laghmani et al., 2016). Interestingly these mutations 

had a similar impact on protein interactions for both necdin and CtermMAGEL2. The VL>AA 

mutation, located in the winged helix A motif (WHA)  of the MAGE homology domain (Fig. 1.5, 

Fig. 1.7), had an overall loss of interactions, while the R>C mutation, located in the WHB of the 

MHD, had an overall gain. This indicates that these mutations are having a similar impact on protein 

interactions, possibly due to similar structural disruption of the MHD. In fact, when the mutations 

are modeled in necdin using Pymol, DynaMut (Rodrigues et al., 2018), and Missense 3d 

(Ittisoponpisan et al., 2019), they were all predicted to be structurally disruptive (Fig. 3.9). Another 

mutation in necdin, NDNp.A280P, was identified in an individual with Smith-Magenis like 

syndrome (Berger et al., 2017).  This mutation was also predicted to be structurally disruptive and 

found to have altered proximity to proteins via BioID. Currently, the pathogenicity of variants is 

determined using evidence obtained from databases, computational (in silico) predictive programs, 

clinical reports, and functional studies (Amendola et al., 2016; Richards et al., 2015). Functional 

studies prove particularly useful in providing strong evidence to support pathogenicity of a variant, 

but these types of studies can be absent from the literature for a particular variant. These results 

indicate that the use of BioID to examine changes in a protein’s interaction network can be useful in 

the evaluation of mutant pathogenicity as a type of functional study. The BioID methodology is 

easily implemented and has application to a wide variety of proteins. This method could be useful in 

understanding the impact of other mutations found in MAGEL2, as well as mutations in other genes 

for which a traditional functional assay does not exist. 
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6.7 Relevance of BioID results to Prader-Willi and Schaaf-Yang 

syndromes 

The involvement of necdin and MAGEL2 in RNA processing is highly relevant to both PWS 

and SYS. Neurodevelopment is a complex process that requires the proper proliferation and 

differentiation of cells, precise cellular migration, and cellular connectivity leading to the formation 

of intricate neurocircuitry (Hu, Chahrour, and Walsh, 2014). At the end of development is the 

formation of the brain which is responsible for complex thought, memory, and emotion. In both 

PWS and SYS these processes are disrupted in a way that leads to both intellectual disability (ID) 

and autism spectrum disorder (ASD).  

The fine-tuned regulation of RNA is particularly important in the development and function 

of neuronal tissue (Nussbacher, Tabet, and Yeo, 2019). There are many ways in which RNA can be 

regulated. Some of these mechanisms include alternative splicing, post transcriptional modification, 

alternative translational start sites, and targeting by miRNA (Licatalosi and Darnell, 2010). Much of 

this regulation is carried out by RNA-binding proteins (RBPs) which can alter an RNAs localization, 

structure, and stability (Müller-McNicoll and Neugebauer, 2013; Jarvelin et al., 2016).  

RBPs have been implicated in neurodevelopmental disorders (Doxakis, 2014; Lukong et al., 

2008; Pescosolido, 2012). For example, the fragile X mental retardation protein (FMRP) functions 

in the translation, trafficking, and targeting of mRNA in neurons (Bardoni et al., 2006). FMRP binds 

to mRNA and is responsible for translational regulation of dendritic mRNAs (Zalfa et al., 2003). 

Loss of FMRP causes intellectual disability and changes in synaptic connectivity (Chen and Joseph, 

2015; Jarvelin et al., 2016) as well as increased dendritic branching which is thought to be caused by 

excessive protein production (Chen and Joseph, 2016; Lukong et al., 2008). Other RBPs that have 

been implicated in neurodevelopmental disorders include the RNA splicing factor RBFOX1 in ASD 

and ID, the translation elongation protein eEF1A2 in epilepsy and ID, as well as UFPB, a protein 

involved in mRNA decay in ASD, ID, and schizophrenia (Bill et al., 2013; Chen, Chang, and 

Huang, 2019).  

Regulation of RNA has been thought to underlie some of the phenotypes observed in PWS 

(Cavaille et al., 2000; Kishore and Stamm, 2006; Wang and Cooper, 2007). Within the PWS region 

are the small nucleolar RNA (snoRNA) clusters SNORD 115 and SNORD116. The SNORD115 

cluster contains the snoRNA HBII-52. HBII-52 has a nucleotide base complementation to the 

mRNA encoding the serotonin receptor 2C (5-HT2cR) (Cavaille et al., 2000; Kishore and Stamm, 
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2006; Raabe et al., 2019). It was at one time thought that HBII-52 regulated the alternative splicing 

of 5-HT2cR (Kishore and Stamm, 2006). However, recent studies point to a role of HBII-52 in 5-

HT2cR mRNA editing rather than splicing (Raabe et al., 2019). PWS phenotypes have been reported 

in individuals who have deletions of the SNORD116 cluster, meaning that RNA regulatory 

pathways may be in part underlying the phenotypes seen in PWS (Bieth et al., 2015; Duker et al., 

2010; Sahoo et al., 2008; Smith et al., 2009). However, more work needs to be done to understand 

SNORD115 and SNORD116 RNA targets, as there is currently little known (Raabe et al., 2019). It 

is possible that both necdin and MAGEL2 are also playing roles in these pathways and that defects 

in RNA processing underlie some of the phenotypes observed in PWS and SYS. To expand on the 

work done here, future experiments should focus on the mRNA targets of both necdin and 

MAGEL2, and how these proteins may be important in regulating neuronal protein expression. 

 

6.8 Caveats to interpretation of BioID data 

In this study we used proximity dependent biotinylation (BioID) to identify proteins that 

were proximal to either necdin or MAGEL2. This method is ideal to identify weak or transient 

interactions in the cell. However, we had surprisingly little overlap between the interactions 

identified here and previously identified necdin and MAGEL2 interactors. The differences observed 

between the interactions we identified and previously identified interactors could represent 

differences between methodologies and the cell types that were used. It would have been expected, 

given that MAGE proteins function as components of RING ligase complexes and that MAGEL2 

has been found to function in multiple MRL complexes, that we would have identified both 

ubiquitinases and deubiquitinases as proximal to both necdin and MAGEL2. Interestingly, there was 

an absence of E3 RING ligases found amongst the proximity data for both necdin and MAGEL2. 

There was only one deubiquitinase, the previously identified MAGEL2 interactor USP7, identified 

as proximal to CtermMAGEL2. This may represent a limitation of the BioID assay in that the 

targets of the complex were biotinylated with higher frequency than the components of the 

ubiquitination complexes. It could also point to the E3 ligases being out of range of the biotin ligase 

either due to location of the BirA* tag or conformation of the protein complexes.  
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6.9 Future experiments 

Future experiments will expand upon the results here by examining the role of necdin and 

MAGEL2 in the pathways identified. Both proteins had altered localization in response to stress, 

and future experiments should look at whether these proteins localize to stress granules. Under stress 

conditions, necdin was no longer proximal to PAIP2. If this is due to altered localization of necdin 

under stress a co-immunoprecipitation should be performed to determine if interaction between 

necdin and PAIP2 is absent under stress.  

Both necdin and MAGEL2 were found to be proximal to proteins that function in RNA 

metabolism, and many of these proximal proteins form complexes with one another. It will be 

necessary to understand if necdin and MAGEL2 regulate the identified proteins through 

ubiquitination or if these results represent new complexes and functions for both necdin and 

MAGEL2. Necdin was found to alter the stability of PAIP2 through ubiquitination and it will be 

essential to determine whether MAGEL2 alters the stability of the YTHDF proteins through 

ubiquitination as well. It would also be interesting to determine whether the mutant necdin proteins 

disrupt the ubiquitination of PAIP2. Abundance assays will have to be performed with the necdin 

proteins and PAIP2 to determine if they affect the ability of necdin to regulate PAIP2. These results 

indicate that necdin stabilizes PAIP2 through deubiquitination, and this may represent a mechanism 

through which translation initiation is regulated (Fig. 6.2).  

Both necdin and MAGEL2 are proximal to a series of proteins that function in mRNA 

processing. It is possible, that the affect necdin and MAGEL2 have on the abundance of PAIP2 and 

YTHDF1/2/3 is by influencing transcript levels, rather than destabilization of the proteins. To test 

this, we should determine whether necdin impacts the abundance of PAIP2 mRNA in the cell and 

whether MAGEL2 impacts the abundance of YTHDF1/2/3 mRNA in the cell. These results would 

confirm whether necdin and MAGEL2 are affecting PAIP2 and YTHDF1/2/3 at the protein or 

mRNA level.  

Mutant necdin and MAGEL2 proteins have altered protein proximity when compared to the 

wildtype proteins. The mutant necdin proteins interacted with previously identified necdin 

interactors CACYBP and IRS4, which were not found to be proximal to wildtype necdin. Future 

experiments should aim to understand why some interactions are “lost” for mutant necdin and 

MAGEL2 while others are “gained”. Quantitative analysis of mutant protein interactions would be 

necessary to examine increases and decreases of binding affinity of necdin and MAGEL2.  
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We observed that full length MAGEL2 was proximal to a series of proteins that 

CtermMAGEL2 was not proximal to. We hypothesize that this is due to protein interactions specific 

to the N-terminus of MAGEL2. To confirm this, interactions of the N-terminal portion of MAGEL2 

alone must be studied via BioID and Co-IP. These results must then be compared to BioID data 

obtained for the full-length and the C-terminal MAGEL2 proteins to determine which proteins are 

interacting with the N-terminus of MAGEL2.  

Finally, further work to characterize the impact of mutation in MAGEL2 using BioID should 

be done. Some of the phenotypes in SYS are more severe than those reported in PWS. In PWS there 

is no expression of MAGEL2, however, in SYS, the MAGEL2 promoter is still intact and protein is 

able to be produced. It is thought that the phenotypic differences observed between PWS and SYS 

may be due to expression of a toxic truncated MAGEL2 protein. It is possible that truncated 

MAGEL2 is still able to bind ubiquitination substrates, but unable to regulate them via 

ubiquitination. This could result in altered localization or accumulation of MAGEL2 ubiquitination 

targets. It will be necessary to examine how the mutations identified in SYS impact the proximity of 

MAGEL2 to proteins in the cell, and if they impact any of the cellular processes that MAGEL2 has 

been implicated in such as receptor trafficking and protein stability.   

 

6.10 Final conclusions 

We identified a series of necdin and MAGEL2 proximal proteins that further expand on what 

we know about the functional role these proteins play in the cell. At the outset of this research, there 

was quite a bit known about the role of necdin in the cell and the role of MAGEL2 was just 

beginning to be understood. Mutations in MAGEL2 cause SYS and a mutation in NDN had been 

identified in an individual with a neurodevelopmental disorder phenotype. We sought to examine 

the protein interaction networks of necdin and MAGEL2 to broaden our understanding of their 

functional role in the cell. We also sought to develop a method to analyze the impact of mutations in 

both genes. Both necdin and MAGEL2 were proximal to several proteins involved in RNA 

metabolism, which is highly relevant to both PWS and SYS. Translational regulation has been found 

to be important for neurodevelopment and dysregulation of RNA processing is thought to underly 

some neurodevelopmental disorders. It is possible that necdin and MAGEL2 are regulating 

components of RBP complexes or are a part of these complexes themselves. Loss of these genes 

may result in altered RNA biology in neuronal cells, which could in part explain the phenotypes 

observed in both PWS and SYS. These results contribute to the understanding of the complex 
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etiologies underlying both neurodevelopmental disorders by expanding on the role of necdin and 

MAGEL2 in the cell.  The association of necdin with translational initiation proteins and its 

regulation of the translational repressor PAIP2 point to a role in translational regulation. The 

interaction of MAGEL2 with the m6A reader proteins YTHDF1/2/3 points to a potentially 

interesting role in mRNA regulation, which is important for neuronal differentiation and function. 

Further characterization of these interactions and involvement of necdin and MAGEL2 in RNA 

biology indicate an exciting and interesting focus for future functional studies. By better 

characterizing the role of these proteins in the cell, we will be able to understand the biological 

pathways that necdin and MAGEL2 are a part of, leading to more targeted therapies for individuals 

with PWS and SYS. 
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