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SDS-PAGE Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis  

SENP Sentrin/SUMO-specific proteases  

shRNA Short Hairpin RNA 

SIM SUMO Interacting Motif  

STUbL SUMO targeted Ubiquitin Ligase  

SUMO Small Ubiquitin like Modifier  

UBC9 Ubiquitin Conjugating Enzyme E2I 

WT Wildtype 
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(Hollmann and Heinemann 1994; Zhou and Danbolt 2014; Fleming and England 2010). 

AMPARS, NMDARs and Kainate receptors are known as ionotropic receptors, which are 

ligated-coupled ion channels that pick-up glutamate signals released from the pre-synapse 

(Martinez-Lozada et al. 2015; Greger et al. 2017). Changes to AMPAR receptor levels at the 

cell surface are fundamental in plasticity (Collingridge et al. 2004; Beattie et al. 2000). 
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1.1.4 AMPAR Subunits 
 

AMPARs function as heteromers, with different combinations of four primary subunits GluA1- 

4 (Wenthold et al. 1992; Dingledine et al. 1999; Hollmann and Heinemann 1994) (See Figure 

1.1.5.1. for schematic of AMPAR topology). Each subunit has a different role in ion selectivity 

and trafficking properties, so the ability of AMPARs to heterodimerize leads them to have 

functional variation (Lu et al. 2009; Greger et al. 2017). For example, different combinations 

of these subunits give them different cation channel properties; the presence of the GluA2 

subunit causes Na+ permeability, AMPARs are not Na+ permeable unless they have this 

subunit (Sommer et al. 1991; Martinez-Lozada and Ortega 2015). Lu et al. (2009) found the 

dominant heteromers are GluA1 and GluA2 at CA1 synapses in the hippocampus, making 

up about 80% of the population of AMPARs. In pyramidal neurons in CA1, all surface 

AMPARs contain GluA2. Lu et al. (2009) also found cells in which GluA1, A2 and A3 are 

knocked out do not have AMPAR EPSCs at synapses, but NMDARs EPSCs are unchanged. 

In CA1, the majority of synaptic transmission is regulated by GluA1/2 heteromers; GluA2 KO 

in mice leads to a 50% loss of AMPAR mEPSCs and causes a dramatic change in 

frequency, without an effect on amplitude. Therefore, Lu et al. (2009) suggest around half of 

the synapses have no AMPAR mediated activity under GluA2 KO, and some AMPARs 

containing GluA2 are gradually replaced by AMPARs without GluA2. This suggests there are 

two populations of synapses which vary depending on whether they are able to engage 

GluA2 lacking receptors (Lu et al. 2009). Deleting GluA3 simultaneously with GluA2 had little 

extra effect, suggesting GluA3 is more dispensable for transmission (Lu et al. 2009). 

 
1.1.5 AMPAR Q/R Editing Site 

 
The majority of AMPARs in the adult brain are calcium-impermeable, due to replacement of 

Q607 with an arginine through RNA editing in the pore loop of the GluA2 subunit (Henley and 

Wilkinson 2016; Greger et al. 2003; Sommer et al. 1991) (see Figure 1.1.5.1. for schematic 

of channel conductance after AMPAR Q/R editing). This RNA editing also regulates exit from 

the endoplasmic reticulum (ER) and tetramerization; unedited subunits tetramerise and are 

trafficked to the cell surface, while subunits which have been edited to arginine localise 

mostly in the ER and are largely dimeric (Greger et al. 2003). 
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Figure 1.1.5.1. AMPA Receptor Topology and Q/R Editing. 

This schematic on the left depicts an AMPAR subunit, showing its intracellular re-entrant loop 
with Q/R editing site (in GluA2 subunit), transmembrane domains and glutamate binding site. 
Schematic on the right shows three states of AMPARs in regards to calcium conductance. 
Unedited and GluA2 lacking AMPARs allow calcium to flow into the cell, those with the Q607 
site in the pore loop edited to arginine through RNA editing do not allow calcium entry 
(Henley and Wilkinson 2016; Greger et al. 2003; Sommer et al. 1991). Schematic adapted 
from Henley and Wilkinson (2016), Widagdo et al. (2017) and Wright and Vissel (2012) and 
created in biorender.com with premade shapes. 

 
1.1.6 Short Term Synaptic Plasticity 

 
The mechanism by which synapses change their properties in response to the level of 

stimulation they experience is termed synaptic plasticity (Larrabee 1947; Citri and Malenka 

2008; Hughes 1958). Broadly speaking, synaptic plasticity can refer to synaptic pruning, 

neurogenesis, or activity-Dependent changes in synaptic strength (Barco, Bailey, and 

Kandel 2006); this thesis will focus on the latter. 

The history of activation of the synapse can affect the probability/magnitude of the 

neurotransmission at the next stimulation, which is referred to as paired-pulse facilitation 

(PPF) or depression depending on the direction of the probability of release (Jackman and 

Regehr 2017; Citri and Malenka 2008; Katz and Miledi 1968). After stimulation of excitatory 

synapses, the chance of a second neurotransmission event is initially enhanced, up to a 

point at which the probability of release drops off (Citri and Malenka 2008; Katz and Miledi 

1967b, 1968). This is because the activity temporarily increases calcium in the presynapse, 

which can facilitate the next potential (Citri and Malenka 2008; Katz and Miledi 1968; 

Dobrunz and Stevens 1997). Specifically, the probability of PPF at the synapse is inversely 

related to the probability of the starting release probability and directly correlates with the 

amount of neurotransmitter available for release (Dobrunz and Stevens 1997). 
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Figure 1.1.6.1 AMPA Receptor Trafficking in Long Term Depression and Long Term 
Potentiation. 

This schematic depicts an unstimulated synapse on the left; AMPARs will be constitutively 
trafficking to and from the membrane in these conditions (Henley and Wilkinson 2013; Chen 
and Maghsoodi 2007). The central panel shows increased AMPAR endocytosis in response 
to low frequency stimulation, leading to a decrease in synaptic strength; the right-hand panel 
shows increased AMPAR trafficking to the synapse after high frequency stimulation, 
increasing synaptic strength (Citri and Malenka 2008; Beattie et al. 2000; Collingridge, Isaac, 
and Wang 2004; Fleming and England 2010; Carroll et al. 1999; Chen and Maghsoodi 2007). 
This schematic is adapted from Chen and Maghsoodi (2007), Citri and Malenka (2008), and 
OpenstaxCNX (2016) and created in biorender.com using premade shapes. 

 
 

1.1.7 Long Term Synaptic Plasticity 
 

There are two opposite processes which coordinate long-term synaptic response to different 

types of stimulation. The first is termed Long Term Potentiation (LTP), where synapse 

response probability is increased following high-frequency stimulation (Bliss and Lomo 1973; 

Ho 2011). The second is called Long Term Depression (LTD), which occurs following low 

frequency stimulation and is characterised by weakening of synaptic responses (Lynch, 

Dunwiddie, and Gribkoff 1977; Ho 2011; Dudek and Bear 1992). These processes can be 

measured by electrophysiological recordings in mouse brain hippocampal slices; synaptic 

activity as measured by excitatory post-synaptic potentials (EPSPs) shows a sustained 



General Introduction 

8 

 

 

 
 

increase or decrease after high or low stimulation (Ho 2011). LTP was first discovered in the 

rabbit hippocampus, where following stimulation, synaptic responses were potentiated for up 

to 10 hours (Bliss and Lomo 1973). 

There are two main mechanisms by which these changes in synaptic strength are created; 

changes to level of neurotransmitter release from the pre-synapse to the post synapse, and 

changes in the amount and activity of receptors which detect the neurotransmitters (Fleming 

and England 2010). Regarding changes to receptors, this is partly due to changes in AMPAR 

levels at synapses; LTD leads to removal of AMPARs and subsequent synaptic depression, 

while LTP leads to insertion of more AMPARs and therefore increased excitability (Beattie et 

al. 2000; Collingridge et al. 2004; Fleming and England 2010; Carroll et al.1999) (See Figure 

1.1.2.1.). 

 
1.1.8 NMDAR-Dependent Plasticity 

 
Synaptic plasticity is often studied in the hippocampus, an area of the brain where 

information flows in a loop (Neves et al. 2008). NMDAR-dependent LTD and LTP are most 

well characterised in the hippocampus; this area has a high level of NMDAR expression 

and is critical for spatial learning and memory (Nakazawa et al. 2004; Malenka and Bear, 

2004). AMPARs and NMDARs are colocalised at excitatory hippocampal synapses; 

approximately 70% of synapses contain both kinds of receptor (Bekkers and Stevens, 

1989). 

NMDARs and AMPARs are ligand-gated ion channels; NMDARs require both transmitter 

release and depolarisation for activation, they are calcium permeable and mediate calcium 

influx needed for LTP induction when activated (Ho, 2011). When AMPARs are activated by 

glutamate binding, there is partial depolarisation of the neuron due to sodium influx through 

AMPARs, leading to the removal of the voltage-Dependent magnesium block from co- 

localised NMDARs (Bekkers and Stevens 1989; Greger et al. 2017; Watson 2012; Luscher 

and Malenka 2012; Mayer 1984; Nowak et al. 1984; Nakazawa et al. 2004; Molnar 2019). 

This allows calcium influx through voltage gated calcium channels and NMDARs and 

increased depolarisation, leading to changes in the level of AMPARs at the membrane and 

modulation of synaptic strength (Bliss and Collingridge 1993; Watson 2012; Mayer 1984; 

Nowak et al. 1984; Greger et al. 2003; Greger et al. 2017; Hunt and Castillo 2012; Luscher 

and Malenka 2012). 

Synaptic NMDAR activation increases both AMPAR and NMDAR surface expression, but 

extra-synaptic NMDAR activation decreases surface expression of both proteins (Li et al. 
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2009). Through this mechanism, NMDARs can regulate plasticity through regulation of 

AMPAR postsynaptic expression, this is one of the main processes underpinning learning 

and memory (Collingridge et al. 1983; Morris et al. 1986; Dudek and Bear 1992; Li et al. 

2009; Bashir et al. 1991). NMDARs are critical in LTP; since the NMDAR antagonist AP5 

blocks LTP without effecting basal synaptic transmission (Collingridge, et al. 1983). 

Specifically, AP5 application leads to selective inhibition of hippocampal-dependent place 

learning, without effecting retention of spatial information already learnt, suggesting 

NMDARs are critical in spatial learning (Morris et al. 1986). 

 

 
 

Figure 1.1.8.1 NMDAR-Dependent LTP. 

When AMPARs are activated by glutamate binding, sodium ions flow into the post synapse, 
causing partial depolarisation and removal of the magnesium block from NMDARs (Watson 
2012; Mayer 1984; Nowak et al. 1984; Luscher and Malenka 2012). This causes calcium 
influx and increased depolarisation, leading to changes in the level of AMPARs at the 
membrane and modulation of synaptic strength (Bliss and Collingridge 1993; Watson 2012; 
Nakazawa et al. 2004; Molnar 2019; Luscher and Malenka 2012). Schematic adapted from 
Molnar and Gair (2019) and Watson and Breedlove (2012). Created in biorender.com using 
premade shapes. 
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1.1.9 AMPAR Trafficking 
 

AMPARs are subject to both constitutive and activity-dependent movement to and from 

synapses, referred to as AMPAR trafficking (Henley and Wilkinson 2013). Trafficking of 

AMPARs is important for maintaining synaptic efficacy (Shi et al. 2001). AMPAR trafficking is 

regulated by transport via molecular motor proteins such as dynein, which is a cytoskeletal 

motor protein that moves cellular cargoes around the cell (He et al. 2005; Levy and Holzbaur 

2006; Kapitein et al. 2010). For example, dynein motors drive axonal transport and move 

AMPARs into dendrites (Kapitein et al. 2010). Inactivation of dynein reduces AMPAR 

EPSCs, again suggesting the role of dynamin in AMPAR transport (Kim and Lisman 2001). 

Variation in which subunits AMPARs contain gives rise to differences in the way they are 

trafficked (Shi et al. 2001). During stimulation, GluA1 and 2 are inserted into synapses, while 

heteromers containing GluA2 and 3 are constitutively trafficked to synapses (Shi et al. 2001; 

Passafaro et al. 2001). Local trafficking to and away from the surface occurs via recycling 

endosomes and sustains AMPARs at synapses which is critical in plasticity; blocking this 

movement though endosomes inhibits LTP (Park et al. 2004). 

AMPAR trafficking is also influenced by various post-translational modifications including 

phosphorylation, palmitoylation and ubiquitination (Boehm et al. 2006; Henley and Wilkinson 

2013; Lin et al. 2009; Widagdo et al. 2015). Phosphorylation plays a key role in regulating 

AMPAR insertion and removal; for example, phosphorylation of AMPAR subunit GluA1 at 

serine 818 by Protein Kinase C (PKC) controls AMPAR insertion during LTP (Boehm et al. 

2006; Henley and Wilkinson 2013). Blocking phosphorylation at this site limits LTP and 

inhibits PKC-induced membrane insertion of GluA1 (Boehm et al. 2006) GluA1 

dephosphorylation is generally associated with endocytosis and LTD (Henley and Wilkinson 

2013). 

 
1.1.10 AMPARs, TARPs and Scaffolding Proteins 

 
Scaffolding proteins play a crucial role in synaptic transmission through tethering receptors, 

stabilising them and building signalling complexes (Elias and Nicoll 2007; Garbett and 

Bretscher 2014). Transmembrane AMPA Receptor Regulatory Proteins (TARPs) are proteins 

which associate with AMPARs and regulate their expression, anchoring at the synapse, 

conformation and activity (Carbone and Plested 2016; Chen et al. 2000; Priel et al. 2005; 

Schnell et al. 2002; Bats et al. 2007). 

Stargazin, a suggested auxiliary subunit of AMPARs (Vandenberghe et al. 2005), can 

associate with all four AMPAR subunits and facilitates their delivery to the cell 
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Figure 1.3.3.1. The SUMO cycle in mammals. 

First, SUMO is cleaved by SENP, exposing its Gly-Gly motif, then activated in an ATP 
Dependent reaction, attaching it to the E1 activating enzyme (SAE1/2) (Guo and Henley 
2014; Gareau and Lima 2010; Liebelt and Vertegaal 2016; Wilkinson and Henley 2010; 
Desterro et al. 1999; Gong et al. 1999). SUMO is then transferred to the E2 conjugating 
enzyme (Ubc9), which catalyses its conjugation to target proteins, in a reaction that is often 
facilitated by an E3 ligase (Gong et al. 1997; Gong et al. 1999; Wilkinson and Henley 2010; 
Schwarz et al. 1998; Gareau and Lima 2010). Finally, SENP can deconjugate SUMO from 
the target protein (Hickey, Wilson, and Hochstrasser 2012). This schematic is adapted from 
CytoskeletonNews, Xu et al. (2014), Meulmeester and Melchior (2008) and Chanda et al. 
(2018), and based on work by Desterro et al. (1999); Gong et al. (1999); Schwarz et al. 
(1998) and Sampson et al. (2001). 

 
 

1.3.4 SUMO Paralogues and Chain Formation 
 

One or more SUMO precursor proteins are found in all eukaryotes tested so far (Flotho and 

Melchior 2013). There are five paralogues of SUMO in mammals: SUMO1-5. SUMO2 is 

expressed in most tissues and ~46% identical to SUMO1 (Kamitani et al. 1998; Henley et al. 

2020). SUMO 2 and 3 share the same sequence except for three N-terminal residues, so for 

simplicity, SUMO2 and SUMO3 with therefore be referred to as SUMO2/3 (Wilkinson and 

Henley 2010). Many target proteins can be SUMOylated by either isoform, while some are 

modified in a paralogue-specific manner (Wilkinson and Henley 2010). SUMO4 has a proline 
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residue which blocks its maturation and therefore cannot SUMOylate target proteins, but may 

be able to form non-covalent interactions (Owerbach et al. 2005). 

An important quality of SUMO its ability to form chains, SUMO 2 and 3 contain an internal 

SUMOylatable lysine, meaning they can form chains through isopeptide bonds between this 

lysine on one molecule and the glycine residue on the C-terminal of another molecule 

(Vertegaal 2010; Xu, Plechanovova, et al. 2014; Tatham et al. 2001). SUMO1 lacks this site 

so it cannot form chains; it can however attach to SUMO 2/3 chains and act as a chain 

terminator (Vertegaal 2010; Matic et al. 2008; Tatham et al. 2001). SUMO 2 and 3 can also 

form polymeric chains with ubiquitin (Guzzo et al. 2012; Tatham et al. 2001). 

 
1.3.5 DeSUMOylation 

 
SUMOylation of substrates can be reversed by the same enzymes which cleave precursor 

SUMO, causing its maturation (Guo and Henley 2014; Wilkinson and Henley 2010). These 

enzymes are called SENPs, and can also cleave the isopeptide bond between the substrate 

and glycine of the attached SUMO, removing it from the substrate (Hickey, Wilson, and 

Hochstrasser 2012). SENPs fit into three categories as explained by Yeh (2009). The first 

contains SENP1 and 2, which are specific to mono-SUMO1, 2 and 3 (Guo and Henley 2014; 

Zhang, Saitoh, and Matunis 2002; Gong and Yeh 2006; Yeh 2009). 

The next category includes SENP3 and 5, which preferential deSUMOylate mono-SUMO2/3, 

and to a lesser extent, SUMO1 (Guo and Henley 2014; Gong and Yeh 2006; Yeh 2009). 

SENP6 and 7 are in the final category and also prefer SUMO2/3; they preferentially 

deSUMOylate chains and have limited ability to cleave precursor SUMO (Guo and Henley 

2014; Bekes et al. 2011; Mukhopadhyay et al. 2006; Yeh 2009). SENP cleavage of SUMO is 

reported to be rapid and stochastic, and blocking deSUMOylation results in slow growth and 

sensitizes cells to replication stress (Bekes et al. 2011). 

 
1.3.6 Roles of SUMOylation in Non-Neuronal Cells 

 
SUMO target proteins seem to be involved in nearly all aspects of cellular homeostasis and 

can be found widely in the cell, including on cell surface and mitochondrial proteins (Flotho 

and Melchior 2013; Zitti et al. 2017; Paasch et al. 2018). SUMOylation of substrates can 

have diverse effects, including modulation of DNA repair, antiviral response and ubiquitin- 

mediated degradation (González-Santamaría et al. 2012; Maccario et al. 2010; Huang et al. 

2012; Huang et al. 2016; Wang et al. 2014; Bassi et al. 2013). 
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Figure 1.3.8.2. Ubiquitination Formations. 

Ubiquitin can attach to target proteins in three formations; monoubiquitination, multi- 
monoubiquitination or polyubiquitination (Komander 2009). SUMO2/3 and ubiquitin can also 
form mixed chains on target proteins (Nie and Boddy 2016; Guzzo et al. 2012). This 
schematic is adapted from Sadowski and Sarcevic (2010) and Swatek and Komander (2016) 
and created in biorender.com using premade shapes. 

 
 
 

1.3.9 Ubiquitination in Neurons and Plasticity 
 

Ubiquitination has also been reported to be relevant in plasticity, including through regulation 

of AMPARs and AMPAR scaffolding proteins (Widagdo et al. 2015; Mabb and Ehlers 2010; 

Colledge et al. 2003). PSD-95 is ubiquitinated by E3 ubiquitin ligase Mouse Double Minute 2 

Homolog (MDM2) (Colledge et al. 2003). This is triggered by NMDAR activation, and leads to 

PSD-95 degradation through the proteasome. By blocking PSD-95 ubiquitination through 

mutations of its PEST sequence, or treatment with proteasomal inhibitor MG132, NMDAR- 

induced AMPAR endocytosis is inhibited. LTD is also blocked by another proteasomal 

inhibitor Lactacystin, and significantly attenuated by MG132 (Colledge et al. 2003). This 

study highlights the role of ubiquitination in mediating PSD-95 regulation of AMPARs at 

synapses; PSD-95 ubiquitination via MDM2 is essential in regulation of AMPAR surface 

expression during plasticity (Colledge et al. 2003). 

Lee et al. (2008) used contextual memory retrieval which involves conditioning mice with a 

fear stimulus, then re-exposure to induce fear memory, to examine ubiquitination of plasticity 
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At the post synapse, AMPARs are modulated by several kinds of PTMs including 

ubiquitination, phosphorylation and glycosylation (Diering and Huganir 2018; Widagdo et al. 

2015). GluA1 and 2 are ubiquitinated near the end of their C-terminus when activated by 

AMPA, and this is critical for their ligand-induced degradation (Widagdo et al. 2015). This 

ubiquitination is necessary for AMPAR trafficking to late endosomes, where they undergo 

lysosomal degradation (Widagdo et al. 2015). Mutation of AMPAR ubiquitination sites 

(Lys868 in GluA1 and Lys870 or Lys882 in GluA2), reduced retrograde trafficking of the 

subunits to late endosomes and subsequently their degradation, without affecting surface 

levels (Widagdo et al. 2015). 

Although AMPARs are not directly SUMOylated, their trafficking is regulated by global 

SUMOylation in neurons (Jaafari et al. 2013). This is required for insertion of GluA1 at the 

surface after glycine-induced LTP. This method of LTP induction also increases SUMO1 and 

Ubc9 mRNA in dendrites, as well as colocalization between SUMO1 and Ubc9 and PSD-95. 

SENP1 overexpression or dominant negative Ubc9 expression is able to inhibit LTP, shown 

by lack of increases in AMPAR surface expression, as well as lack of dendritic SUMO1 

mRNA increase (Jaafari et al. 2013). It was shown that SUMO1 mRNA increases in spines 

are likely due to SUMO1 translocation, as mRNA binding protein: Cytoplasmic 

polyadenylation element binding protein (CPEB), was also increased after ChemLTP. This 

study suggests SUMOylation is critical for plasticity-mediated increases in AMPAR surface 

expression (Jaafari et al. 2013). 

 
1.3.12 PTEN SUMOylation 

 
SUMOylation of PTEN was first identified at two sites: K266 and K254 by Huang et al. 

(2012), who reported that K266R, K254R and K266R/K254R double PTEN point mutants are 

less SUMOylated than PTEN-WT in immunoprecipitation experiments. (See Figure 1.3.12.1. 

for schematic of PTEN SUMO sites). SUMOylation at K289 was also later discovered; in 

HEK cells, K266A mutation, and double mutation K266A/K289A either greatly reduced or 

almost abolished His-SUMO1 conjugation respectively compared to WT, and K266A and or 

K266A/K289A showed a similar effect for His-SUMO2 on greatly reducing conjugation 

(González-Santamaría et al. 2012). In that study, PTEN SUMOylation was examined in in 

vitro SUMOylation assays, where purified proteins are mixed together in a tube and 

immunoprecipitated. Wang et al. (2014) showed double mutant K266R/K254R had totally 

inhibited SUMOylation capacity, and single mutants were partially SUMOylated in vitro by 

SUMO1. They did not see a band shift between single and double mutants, which they 

suggest is because SUMO is large (>90 residues) so binding at one site blocks SUMOylation  
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at the other site. Huang et al. also saw this lack of band shift. Other than K254, K266 and 

K289 discussed, no other sites on PTEN have been proven to be SUMOylated, although 

SUMO Interacting Motif (SIM) sites have been found and non-covalent interactions between 

PTEN and SUMO1 are reported (Bawa-Khalfe et al. 2017). Bassi et al. (2013) report the 

dominant site to be K254, and (Wang et al. 2014) and Huang et al. (2012) showed double 

mutant K266R/K254R entirely blocks SUMOylation, however Gonzales-Santamaria et al. 

(2012) showed combined K266A/K289A mutation greatly reduced SUMOylation, so the 

dominant site cannot be unequivocally concluded. 

 

Figure 1.3.12.1. PTEN Predicted and Identified SUMO Sites. This schematic shows 
identified SUMO sites on PTEN in green (Huang et al. 2012; González-Santamaría et al. 
2012). Predicted SUMO sites, according to SUMOplot software, are shown in yellow and red 
(sites with scores below 0.5 are omitted) (Abcepta, 2021). Created in Biorender.com using 
premade shapes. 

An important point to note is that all studies except one on PTEN SUMOylation have tested 

the SUMOylation level of PTEN mutants using tagged, recombinant SUMO overexpression. 

An issue is that tagged proteins can behave differently to their endogenous counterparts 

(Skube et al. 2010), and overexpression of recombinant SUMO has been suggested to lead 

to artefacts if it is not controlled (Eifler and Vertegaal 2015). This will be discussed further in 

the general discussion. The only paper to test endogenous SUMO in cells did so by using 

SENP knockout cell lines (Bawa-Khalfe et al. 2017), which can confound results as it also 

causes changes to the global SUMOylation system. Therefore, although it is likely PTEN is 

SUMOylated, research in this area is still in the early stages and is perhaps confounded by 

overexpression and changes to global SUMOylation, especially taken with the lack of 

agreement in terms of which is the main SUMO site and how PTEN influences location, 

which will be discussed next. 
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1.3.13 Functional and Localisation Effects of PTEN SUMOylation - K254 Site 

 
SUMOylation of PTEN has been found to have a range of effects on PTEN including effects 

on localisation, ubiquitination, antiviral response, DNA repair, ability to limit Akt pathway and 

tumorigenesis (González-Santamaría et al. 2012; Maccario et al. 2010; Bassi et al. 2013; 

Huang et al. 2012; Bawa-Khalfe et al. 2017). SUMOylation at K254, but not K289, was also 

found to enhance nuclear retention of PTEN, and is associated with response to genotoxic 

stress and DNA repair (Bassi et al. 2013). PTEN KD rescue with WT, but not lipid- 

phosphatase null or K254R mutants, was able to rescue response to ionizing radiation, 

shown by ability to recruit RAD51 to DNA damage sites which the mutants lacked. These 

mutants were also unable to resolve Breast cancer gene 1, early onset (BRCA1) expression 

compared to WT expressing cells (Bassi et al. 2013). K254R had equal phosphatase activity 

to WT in PTEN-deficient glioblastoma cell line U87MG (Bassi et al. 2013).
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a model of viral infection, infection with Vesicular Stomatitis Virus induces PTEN 

translocation from cytosol to membrane, where it localises with SUMO1 and SUMO2 

(González-Santamaría et al. 2012). Gonzales Santamaria et al. (2012) conclude that 

SUMOylation of lysines in the C2 domain of PTEN reduce the ability of the C2 domain to 

associate with C-terminus on PTEN, thus encouraging an open conformation, and 

increasing interaction with the plasma membrane. This differs from the view of Huang et al. 

(2012), who suggest SUMOylation effects PTEN independently of a conformation change. 

Conversely, Bawa-Khalfe et al. (2017) report that SUMOylated PTEN sequesters in the 

cytosol (although membrane localisation was not analysed specifically). 

In summary, SUMOylation and PTEN localisation seem to be linked, although the 

mechanism by which SUMOylation facilitates membrane localisation is in dispute. The 

SUMOylation level of PTEN mutants has only been tested with endogenous SUMO in one 

paper, in which only SUMO1 modification (and not SUMO2/3) was detectable (Bawa-Khalfe 

et al. 2017). The role (or presence) of PTEN SUMOylation in neurons has not yet been 

examined; given the importance of both SUMOylation and PTEN in plasticity (Jurado et al. 

2010; Jaafari et al. 2013), examining PTEN SUMOylation in neurons may further 

understanding of these processes. 
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       including plasticity, neurotransmission and receptor trafficking (Temkin et al. 2017; McmiIllan et al. 

2020; Cai et al. 2011). 

 
1.4.7 PTEN Can Influence Retromer Through Direct Interactions 

 
Recent research has found a direct link between PTEN and retromer (Shinde and Maddika et 

al. 2017). PTEN can directly associate with SNX27, blocking its association with VPS26 and 

sequestering it away from retromer. This reduces the ability of retromer to traffic GluT1 from 

the endosome to the membrane of HepG2 and HeLa cells, and limits glucose transporter 

GluT1 expression at the surface (Shinde and Maddika, 2017). PTEN shRNA KD leads to 

increased surface GluT1 and glucose uptake levels compared to control shRNA cells. The 

authors discovered the T401I mutation in the PTEN PDZ binding motif is not able to obscure 

SNX27-VPS26 as the wildtype does, which also increases surface GluT1 compared to 

expression of PTEN-WT, suggesting PTEN has an important role in regulating surface GluT1 

levels and the PDZ binding motif of PTEN is critical in this. PTEN binds SNX27 next to its 

VPS26 binding site; Shinde and Maddika (2017) explain that this can obstruct SNX27-VPS26 

binding and is able to reroute GluT1 away from Rab11-positive recycling endosomes, 

towards lysosomes shown by co-localisation with LAMP1, leading to degradation. This may 

influence tumour progression due to a downstream effect on glucose uptake. Influence of 

PTEN phosphatase activity and through the Akt pathway in this context were ruled out, as a 

catalytically dead PTEN mutant did not associate with SNX27 differently to WT, and 

pharmacological Akt inhibition also did not alter SNX27-PTEN or SNX27-VPS26 interaction 

(Shinde and Maddika, 2017). 



















https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tau
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Expression of this mutant also enhances excitatory synaptic transmission in cortical neurons 

(Munsie et al. 2014). Tsika et al. (2014) report that expression of this mutant, compared to 

WT, impairs neurite outgrows in cortical neurons and leads to axonal degeneration of 

dopaminergic neurons. 

These studies together provide evidence that retromer is involved in processes relevant to 

neuronal function and neurodegeneration including neurotransmission, receptor trafficking 

and Amyloid metabolism (Temkin et al. 2017; He et al. 2005; Vagnozzi and Praticò, 2019; 

Bhalla et al. 2012; Munsie et al. 2014; Vilarino-Guell et al. 2011, Ansell-Schultz et al. 2018).
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Technologies 
SUMO2/3 4971S Cell-Signalling 

Technologies 
BSA 1:1000 Rabbit Overnight 

Ubiquitin 
(P4D1) 

3936 Cell-Signalling 
Technologies 

Milk 1:1000 Mouse 1 hour 

SNX27 
(detection in 
cell lines) 

ab77799 Abcam Milk 1:2000 Mouse 1 hour 

SNX27 
(detection in 
rat neurons) 

N/A A gift from Dr 
Martin Playford, 
National Institute 
of Health, USA 

Milk 1:1000 Rabbit Overnight 

Transferin 
Receptor  

sc-65882 H68.4 
(CD71) 

Santa-Cruz Milk 1:1000 Mouse Overnight 

N-Cadherin 13A9 Cell-Signalling 
Technologies 

BSA 1:1000 Mouse Overnight 

Phospho-
ERK 
(ERK1/ 2)  

E7028(ERK1 
T202/T204 and 
ERK2 T185/T187) 

Sigma BSA 1:1000 Rabbit Overnight 

 
Horseradish peroxidase (HRP)-conjugated secondary antibodies for Western blotting (anti-rat  

raised in rabbit, anti-mouse and anti-rabbit raised in goat) were sourced from Sigma and used at 

1:10,000 concentration in the same diluent in which the primary had been used (5% milk or BSA in 

PBST). Cy3 secondary antibody for confocal imaging (chicken, raised in donkey) was sourced  

from Jackson ImmunoResearch and used at 1:400 in 2% BSA in PBS. 
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Table 6. Plasmids 
 

Construct Tag Creator/ 
Source 

Vector Cloning Sites and 
Promotor 

Notes 

Empty Vectors      

pSUPER-neo- 
GFP 

GFP  - - Bacterial expression 
vector 

pXLG3-PX- 
GFP-WPRE 

GFP Dr K 
Wilkinson 

- - Lentiviral vector 

ShRNA 
Constructs 

     

PTEN shRNA GFP Rachel 
Milligan 

pXLG3- 
PX-GFP- 
WPRE 

H1-shRNA 
fragment cloned 
into the PacI 
and XhoI sites 

shRNA target sequence: 
CGACTTAGACTT 
GACCTATAT 

Scr GFP Dr K 
Wilkinson 

pXLG3- 
PX-GFP- 
WPRE 

H1-shRNA 
fragment cloned 
into the PacI 
and XhoI sites 

Control shRNA- 
expressing plasmid 
used as a control for 
the PTEN shRNA. 
Contains a mock target 
sequence:AATTCT 
CCGAACGTGTCA C 

S3-Scr GFP Dr K 
Wilkinson 

pXLG3- 
GFP- 
100bp 
stuffer 

U6-shRNA 
fragment cloned 
into the KpnI 
site 

Control shRNA for the 
SENP3 shRNA. 
Contains a mock target 
sequence:GCACTA 
CCAGAGCTAACT 
CAGATAGTACT 

SENP3 shRNA GFP Dr K 
Wilkinson 

pXLG3- 
GFP- 
100bp 
stuffer 

U6-shRNA 
fragment cloned 
into the KpnI 
site 

shRNA target 
sequence:TATGGA 
CAGAACTGGCTC 
AATGACCAGGT 

PTEN O/E 
Constructs 

     

TAP-PTEN-WT 
(Rat) 

SBP. 
CBP 
(N- 
term) 

Dr 
Michaela 
Heimann 

pNTAP-
B 

PTEN cloned 
into 
BamHI/XhoI 
sites. Driven by 
a CMV 
promoter 

Source of the rat PTEN 
cDNA 
sequence used 
throughout. NCBI entry 
AF455569.1 

TAP-PTEN-3KR 
(Rat) 

SBP. 
CBP 
(N- 
term) 

Dr 
Michaela 
Heimann 

pNTAP-
B 

PTEN cloned 
into 
BamHI/XhoI 
sites. Driven by 
a CMV 
promoter 

 



Materials and Methods 

74 

 

 

 
 

SUMO/Ubiquiti 
n Constructs 

     

HA- SUMO1 

(Human) 

HA 
(N- 
term) 

Dr Ruth 
Carmich
ael 

pXLG3- 
PX-GFP- 
WPRE 

SpeI/BamHI under 
the control of an 
SFFV promoter 

 

HA- SUMO2 

(Human) 

HA 
(N- 
term) 

Dr Ruth 
Carmich
ael 

pXLG3- 
PX-GFP- 
WPRE 

SpeI/BamHI under 
the control of SFFV 
promoter 

 

HA-Ubiquitin HA 
(N- 
term) 

Lab 
stoc
ks 

   

FLAG-Ubc9 

(Mouse) 

FLAG 
(N- 
term) 

Dr K 
Wilkinson 

pCMV- 
FLAG 

Cloned EcoRI/XhoI 
under the control of a 
CMV promoter 

 

PDZ Domain 
Constructs 

     

MYC-PSD-95 Myc 

(N- 

term) 

Prof. 
Seth 
Grant 

   

GFP-SNX27 

(Human) 

GFP 
(N- 
term) 

Prof. 
Pete 
Cullen 

pEGFP-C CMV  

Lentiviral 
Helper 
Plasmids 

     

pMD2.G  Prof. 
Pete 
Cullen 

  Addgene plasmid 
12259 

p8.91  Prof. 
Pete 
Cullen 

  Addgene plasmid 
12263 

 

 
3.6.1 General Cloning Methods 

 
All plasmids were sequenced by Eurofins Genomics. All PCR reactions were carried out in a 

MJ Research PTC-200 PCR Gradient DNA Engine Thermal Cycler. 
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4 Detecting PTEN SUMOylation and Ubiquitination 

4.1 Introduction 

4.1.1 PTEN SUMOylation Sites and Recombinant SUMO in Previous Research 
 

PTEN is reported to be SUMOylated, which has effects on its localisation, phosphatase 

activity and stability (Huang et al. 2012; Bawa-Khalfe et al. 2016), but PTEN SUMOylation in 

the context of neurons or neurodegeneration has not yet been tested. This is of interest due 

to evidence PTEN attenuation can relieve AD-related synaptic deficits (Knafo et al. 2016). 

Furthermore, other PTMs such as ubiquitination can influence PTEN stability, which is 

thought to underlie PTEN loss seen in AD (Kwak et al. 2010). (For a more detailed analysis 

of the current literature on PTEN SUMOylation, see General Introduction, section 1.3.). 

PTEN has been shown to be SUMOylated at three sites: K254, K266 and K289 (Huang et al. 

2012; Gonzalez-Santamaria et al. 2012), and SIM sites on PTEN have also been identified 

(Bawa-Khalfe et al. 2016). It was reported that PTEN-SUMOylation enables membrane 

localisation and nuclear retention of PTEN, which has effects on its ability to regulate p-Akt 

and limit tumorigenesis (Huang et al. 2012). It should be noted that most studies that 

previously tested the level of SUMOylation of PTEN mutants lacking one or more 

SUMOylatable lysine did so with recombinant, tagged SUMO1 or 2 in immunoprecipitations, 

or recombinant SUMO in in vitro SUMOylation assays (where SUMO proteins are produced 

in bacteria then purified and mixed with PTEN in a tube, along with the essential enzymes of 

the SUMOylation cascade), rather than with endogenous SUMO. Overexpression of 

recombinant SUMO has been suggested to lead to artefacts if it is not controlled (Eifler and 

Vertegaal, 2015). Furthermore, tagged proteins can behave differently to their endogenous 

counterparts (Skube et al. 2010). Therefore, although the biochemical evidence for the 

expected reduction in SUMOylation of these non or reduced-SUMOylation mutants in cell 

lines is compelling, it has so far perhaps not been widely validated in the most physiologically 

relevant way. Testing endogenous SUMOylation of PTEN is therefore critical in 

understanding the physiological relevance of SUMOylation. 

 
4.1.2 Evidence for PTEN SUMOylation by Endogenous SUMO 

 
Most of the previous studies have not evaluated the level of endogenous SUMO on PTEN 

mutants, so from these studies, it cannot be unequivocally concluded how these mutants are 

affected by endogenous SUMO. The only study to test endogenous SUMO in this way to 

date was carried out by Bawa-Khalfe et al. (2016), who tested SUMOylation in the context of 

prostate cancer models. A PTEN K254A/K266A double mutant was reported to be less 

modified by endogenous SUMO1 and ubiquitin than PTEN-WT, in IPs from transfected PC-3 
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cells (Bawa-Khalfe et al. 2016). The group failed to detect endogenous SUMOylation of 

PTEN with SUMO2/3. 

 
4.1.3 SUMO and Ubiquitin Crosstalk on PTEN 

 
PTEN has also been shown to be ubiquitinated at K13, K66, K266 and K289 (Trotman et al. 

2007; Gonzales-Santamaria et al. 2012, Wu et al. 2016). PTEN ubiquitination is important in 

various aspects of PTEN regulation including stability, catalytic activity and nuclear 

localisation; some of these effects may be relevant in cancer (Bassi et al. 2013; Trotman et 

al. 2007, Leslie and Gupta, 2016; Maccario et al. 2010, Duerr et al. 1998) and 

neurodegeneration (Kwak et al. 2010). Ubiquitination of PTEN is thought to be involved in the 

reduced levels of PTEN reported in AD brains (Kwak et al. 2010; Griffin et al. 2005). 

Generally speaking, when target proteins are SUMOylated, the conjugated SUMO can recruit 

a SUMO targeted ubiquitin ligase (STUbL), which is a ubiquitin E3 ligase that can facilitate 

ubiquitination (Ohkuni et al. 2018). This mechanism allows for cross-talk between SUMO and 

ubiquitin on target proteins (Geoffroy and Hay 2009; Ohkuni et al. 2018). An example is 

reported by Bawa-Khalfe et al. (2016) who showed that in cells lacking SENP1, PTEN 

associates with WWP2, a ubiquitin E3 ligase. This increased ubiquitination and subsequent 

degradation of PTEN, so it was concluded that SENP1, through de-SUMOylating PTEN, 

inhibits SUMO1-Dependent PTEN ubiquitination and degradation (Bawa-Khalfe et al. 2016). 

This mechanism plays a role in prostate cancer development (Bawa-Khalfe et al. 2016). 

However, SUMO-ubiquitin cross-regulation on PTEN is complex, as SUMOylation has also 

been found to limit ubiquitination and subsequent degradation of PTEN (Wang et al. 2014). It 

is not clear exactly why this is seen; one explanation suggested by Gonzales-Santamaria et 

al. (2012), is that SUMO and ubiquitin compete for the same sites on PTEN. This is possible 

given that K266 and K289 are known to be modified by both proteins (Huang et al. 2016, 

Gonzales-Santamaria et al. 2012; Trotman et al. 2007). Another possibility is that 

SUMOylation at one site blocks ubiquitination at another site; this is supported by evidence 

that simultaneous SUMOylation at both sites is not possible, shown by a lack of band shift 

between single and double mutations at known PTEN SUMOylation sites (Wang et al. 2014). 

Huang et al. (2012) explain that more space is needed on PTEN for SUMO modification 

compared to other PTMs such as phosphorylation, making it difficult for concomitant 

SUMOylation of K254 and K266 to occur. As ubiquitin is a similar size, it is in theory possible 

that it is also blocked by SUMOylation at another site. 
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4.3 Results 

4.3.1 Creation of PTEN KD Lentivirus 
 

To make a PTEN knockdown (KD) Lentivirus, I first cloned a PTEN KD short hairpin RNA 

(shRNA) into pSuper (an shRNA expression vector). shRNA along with its promoter were 

then cloned into a GFP expressing viral plasmid (pXLG) (see Methods for all cloning 

protocols). This was then transfected in HEK cells along with Lentiviral helper plasmids to 

create Lentivirus (see Methods for virus making protocols). A control virus was also made 

using a pXLG plasmid containing a scrambled shRNA sequence (Scr), cloned by Dr K 

Wilkinson. To validate the PTEN KD virus and PTEN antibody, different amounts of PTEN 

KD or control Scr Lentivirus were added to rat cortical neurons on DIV 7 and left for 7 days. 

Cells were lysed, subjected to Western blot for PTEN (Figure 4.3.1.1). The blot suggests that 

PTEN is greatly reduced by the PTEN KD virus in a dose Dependent fashion (this was later 

repeated and analysed statistically, see Figure 5.3.7.1), suggesting the detected band is 

indeed PTEN and the lentivirus is successfully knocking it down. This Lentivirus is therefore 

a useful tool to study PTEN. 

 

 

Figure 4.3.1.1. PTEN KD Lentivirus Knocks Down Total PTEN. 
Western Blot showing PTEN expression after Lentiviral transduction in neurons. PTEN KD 
shRNA or Scr viruses were added to wells of a 6 well dish containing rat cortical neurons 
and 1.5mL media. 7 days later, cells were lysed and subject to Western Blot, then blotted 
for PTEN and B-Actin (N=1). 
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4.3.3 Creation of PTEN-3KR Mutant and Testing with Recombinant, Tagged SUMO 

 
As a tool to study the absence of SUMOylation on PTEN, Dr K Wilkinson constructed GFP- 

tagged PTEN-WT and PTEN-3KR. This mutant (PTEN-3KR), has the three sites identified as 

the main/only lysine SUMO acceptor sites on PTEN mutated to arginine, making it non- 

SUMOylatable (4.3.3.1A.) (Huang et al. 2012; Gonzales-Santamaria et al. 2012). 

The GFP-tagged constructs allowed me to use GFP-trap, which is extremely efficient at 

immunoprecipitating GFP-tagged proteins under both native and denaturing conditions. It 

was hoped this would make a useful tool to study PTEN in the context of the absence of 

SUMOylation, when compared to the WT. This is a novel approach because most previous 

attempts at assessing the SUMOylation status of PTEN involved use of single or double 

mutants K289/K266 or K266/K254 (Huang et al. 2012; Gonzales-Santamaria et al. 2012). 

I carried out an IP using GFP trap, after transfection with GFP, GFP-tagged PTEN-WT or 

PTEN-3KR along with HA-SUMO2 in HEK293T cells (4.3.3.1B and C) and observed that 

PTEN-WT is significantly more SUMOylated than PTEN-3KR by HA-SUMO2. Although 

PTEN-3KR is a novel mutant, the results are in line with similar experiments in the literature 

showing single/double mutation of the same sites reduces PTEN SUMOylation by tagged, 

recombinant SUMO (Huang et al. 2012; Gonzales-Santamaria et al. 2012). 
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Figure 4.3.3.1. GFP PTEN-3KR is less SUMOylated Compared to WT by HA-SUMO2. 

A) Schematic of points of mutation in PTEN-3KR. Schematic showing all identified SUMO 
sites on PTEN, and which of these are ubiquitinated. Schematic adapted from Xu et al. 
(2014) and CytoskeletonNews; created in Biorender.com. B) Representative blot showing 
anti-GFP immunoprecipitation of cells transfected with HA-SUMO2, along with either GFP, 
GFP-WT- PTEN or GFP-3KR-PTEN. 2 days after transfection, cells were lysed in NEM- 
containing lysis buffer and immunoprecipitated with GFP-Trap. Samples were blotted with 
HA and GFP antibodies. C) Quantification of B). Immunoprecipitated HA-SUMO2 signal was 
normalised to both total HA and GFP signal. PTEN-3KR was expressed as a percentage of 
WT, which was set to a hypothetical value of 100. A one sampled t-test was used to calculate 
statistical differences (p=0.0266; N=3). 
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4.3.4 PTEN-3KR is More SUMOylated than WT by Endogenous SUMO2/3 

 
Most previous attempts at assessing the SUMOylation status of PTEN have involved its 

expression in cell lines alongside recombinant, tagged SUMO 1 or 2, followed by 

immunoprecipitation and blotting for tags, or in vitro SUMOylation assays (Huang et al. 2012; 

Gonzales-Santamaria et al. 2012). In addition to tagged SUMO, I aimed to detect 

endogenous SUMO, as this would enable me to avoid overexpressing recombinant SUMO in 

my cells, which can lead to artefacts (Eifler and Vertegaal, 2015). GFP, GFP-tagged PTEN- 

WT or PTEN-3KR were transfected into HEK239T cells. Cells were immunoprecipitated two 

days later, and blotted for GFP and endogenous SUMO 2/3. This method revealed a smear 

above ~65kDa (Figure 4.3.4.1) which we attributed to multiple levels of SUMOylation. 

Unexpectedly, however, PTEN-3KR was significantly more SUMOylated by endogenous 

SUMO compared to PTEN-WT (N=6; p=0.0393). This contrasts with Figure 4.3.3.1. and the 

literature, which suggest mutation of these SUMO sites reduces PTEN-SUMOylation when 

tagged, recombinant SUMO is used. It is noted that there is a smear on the IP blot at  

~30kDa on the GFP lane; it could be that the SUMO antibody is cross reacting with GFP, 

possibly due to the large amount of GFP immunoprecipitated. This is however not seen 

when the experiment was later repeated in 2% SDS conditions (Figure 4.3.5.1). 

 

Figure 4.3.4.1. PTEN-3KR is more SUMOylated by Endogenous SUMO2/3 compared to 
PTEN-WT. 
HEK293T cells were transfected with GFP, GFP-tagged PTEN-WT or PTEN-3KR. Two days 
later, samples were lysed in buffer containing NEM and immunoprecipitated with GFP-Trap 
before being subject to Western blot and blotted for GFP and SUMO2/3. Representative blot 
shows endogenous SUMO2/3 modification of PTEN. Graph shows SUMO2/3 signal after being 
normalised to GFP. PTEN-3KR was expressed as a percentage of WT, which was set to a 
hypothetical value of 100. A one sampled t-test was used to calculate statistical differences. 
(N=6; p=0.0393). 










































































































































































































































