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Abstract 

Amyloid Precursor Protein (APP) is known to be primarily involved with Alzheimer’s disease; 

however APP is also involved with neurogenesis, synaptic plasticity and neuroprotection. 

Many factors can bind to APP to affect its function and processing. APP can also bind to 

other membrane bound APP, known as APP dimerisation. We hypothesise that dimerisation 

of APP can affect the biological actions of APP. This study aims to determine the effect APP 

dimerisation has on neurite outgrowth and elucidate its mechanism of action. We found that 

APP dimerisation can reduce neurite outgrowth by modulating extracellular and intracellular 

signals regulating neurite outgrowth. 

We determined the effect APP dimerisation has on APP neurite outgrowth by using APP 

dimerisation mutants, G33I and L17C (these cause decreased and increased APP 

dimerisation, respectively), transfected into SH-SY5Y cells. To determine if APP dimerisation 

utilises extracellular signalling to modulate neurite outgrowth, condition media treatment of 

APP dimerisation mutants was used to determine if a secreted factor was responsible for 

modulating neurite outgrowth. Intracellular mechanisms including APP localisation, RhoA 

activity and miRNA expression were investigated. The localisation of APP can affect its 

function therefore; immunofluorescent imaging was used to determine its localisation. RhoA 

GTPase is known to negatively regulate neurite outgrowth, therefore RhoA activity was 

determined using an ELISA based assay that was specific for activated RhoA. The Ion Torrent 

Next Generation Sequencing system was also used to determine the differential expression 

of miRNA in the APP dimerisation mutants and these were confirmed by qRT-PCR. 

APP-L17C mutants inhibit neurite outgrowth by inhibiting the secretion of a neurite 

outgrowth promoting factor as APPwt condition media treatment rescues neurite 

outgrowth. APP dimerisation also caused perinuclear APP aggregates which colocalised 

within the endoplasmic reticulum. RhoA activity is increased in the APP-L17C mutant, and 

treatment with condition media decreases RhoA activity which correlated with neurite 

outgrowth. APP dimerisation also affects several miRNA expressions. The miR-125a, miR-

135b, miR-34a species, which have a known role to play in the regulation of neuritogenesis, 

were down regulated and transduction of an miR-34a restored neurite outgrowth back to 

wild type levels. In conclusion, APP dimerisation reduces neurite outgrowth and can mediate 

its effects by inhibiting a secreted factor, modulating APP localisation, increasing RhoA 

activity and modulating the expression of certain miRNAs involved in neurite outgrowth.  
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 2 Chapter 1  

 

1.1 The Amyloid Precursor Protein (APP) 

The Amyloid Precursor Protein (APP) is an integral type I transmembrane glycoprotein 

consisting of a single transmembrane domain, a large extracellular amino-terminal domain 

and a small intracellular cytoplasmic domain (Figure 1.1). APP is part of a larger APP gene 

family that includes Amyloid Precursor-like proteins 1 and 2 (APLP1 and APLP2) (Slunt et al., 

1994; Wasco et al., 1992). The functions of these proteins have not fully been elucidated, 

however in vivo and in vitro studies suggest they are involved in promoting neurite 

outgrowth, regulating the number of functional synapses (Priller, 2006), neuronal or 

muscular function (Zheng et al., 1995) neuronal cell migration and metal homeostasis (Duce 

et al., 2010; White et al., 1999). The most well-known role for APP is the generation of 

amyloid beta (Aβ) and its strong relation to Alzheimer’s disease (discussed in chapter 

1.1.2.4). The human APP gene is localised to chromosome 21 and is expressed in a variety of 

cells and tissue types. APP protein is highly expressed in the brain but can also be found 

scarcely in endocrine tissue, bone marrow, the immune system, liver, gall bladder and in 

male and female reproductive organs. APLP1 is only expressed in the brain, whereas APLP2 

is expressed ubiquitously (Atlas, 2016; Kang et al., 1987). Evidence gained to determine the 

importance of these proteins comes from using single or combination of APP-family gene 

knockout mice studies. Single APP knockouts display altered long term potentiation, altered 

water maze performance, reduced locomotor activity, reduced forelimb strength, gliosis and 

reduced body weight, reduced brain weight and white matter defects (Dawson et al., 1999; 

Magara et al., 1999; Seabrook et al., 1999; Zheng et al., 1995). Double knock-out lines 

showed the APLP2−/−:APP−/− mice and APLP2−/−:APLP1−/− mice had a lethal phenotype 

(postnatal day 1), whereas APLP1−/−;APP−/− mice were viable (Heber et al., 2000). The 

double knockout studies indicate APLP2 has an essential role for viability since APP or APLP1 

alone cannot maintain viability in the absence of APLP2. Triple KO dies in utero with 81% 

showing cranial defects and 68% showing cortical dysplasia. The structural differences 

between the APP family members are illustrated in Figure 1.2. Due to the many vital roles 

APP plays in health and disease, this study focuses on the functions of APP. 
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1.1.1 Alternate Gene Splicing and Multi-domain Structure of APP 

The APP gene is alternatively spliced and the major isoforms produced are APP770, APP751 

and APP695 (Kitaguchi et al., 1988). These APP mRNA isoforms are expressed in the brain 

with APP770:APP751:APP695 expressed at a ratio of 1:10:20. APP695 is the most prominent 

and studied neuronal isoform (Tanaka et al., 1989). APP and APLP isoforms are transcribed 

by alternate splicing of exons 7, 8 and 15. APP and APPLP Isoforms expressing the Kunitz-

type protease inhibitor domain (KPI) and Ox2 domain require the splicing of exon 7 and 8, 

respectively. For L-APP and L-APLP2, a binding site for chondroitin sulfate glycosaminoglycan 

is present, however it is interrupted in APP and APLP2 isoforms expressing exon 15 of APP 

or the 12 amino acid exon of APLP2 (Sandbrink et al., 1994, 1996).   

APP has a multi-domain structure (Figure 1.1) which is composed of 6 main domain 

structures that have multiple names for the same domain. Commencing from the N-

terminal end of the protein, the E1 domain, which consists of a growth factor like domain 

(GFLD), otherwise known as D1, and a copper binding domain (CuBD), otherwise known as 

D2 can be found (Bush et al., 1993; Rossjohn et al., 1999; Small et al., 1994b). Next is an 

acidic domain, also called D3, followed by a larger carbohydrate domain, also known as a D6 

domain (Kang et al., 1987). The D6 domain contains an E2 (or D6a) domain and a linker 

sequence called D6b domain. The E2 domain consists of an RERMS sequence and a central 

APP domain (CAPPD) sequence (Jin, 1994; Keil et al., 2004; Ninomiya et al., 1993). A single 

transmembrane domain passes through the plasma membrane and is attached to the 

intracellular domain termed the APP intracellular domain (AICD) (Gu et al., 2001; Sastre et 

al., 2001; Weidemann et al., 2002; Yu et al., 2001).  In comparison to APP695, the longer 

APP751 isoform contains an extra domain called the KPI which is located between domains 

D3 and D6. The longest APP770 isoform contains both the KPI domain and an additional Ox2 

domain which is located between the KPI and D6 Domains. The KPI has been shown to have 

a role in blood clotting and neuronal cell growth (Rohan de Silva et al., 1997; Van Nostrand 

et al., 1991a; Van Nostrand et al., 1991b; Wang and Reiser, 2003). Ox2 has a homology to 

immunoglobulin light chain and is believed to have a role in cell-surface binding and 

recognition (Clark et al., 1985) 
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Figure 1.1 Representative structure and domains of APP isoforms. 

The E1 domain is composed of a growth factor like domain (GFLD) and a copper binding 

domain (CuBD). The GFLD and CuBD are also known as the D1 and D2 domain, respectively. 

Following this region is an acidic domain (D3) that links to the carbohydrate domain which 

contains E2 domain (D6a), which is composed of the central APP domain (CAPPD) and the 

RERMS sequence, and a linker region (D6b). The transmembrane and APP intracellular 

domain (AICD) then follows. APP751 and APP770 also contain a Kunitz-type protease 

inhibitor domain (KPI). The APP770 contains an additional Ox2 domain. 
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Figure 1.2 Schematic representation of the protein structure of APP family members. 

All members have a conserved GFLD, a CuBD, an acidic domain, an E2 domain, linker, 

transmembrane domain and AICD. The presence of Aβ is unique for APP770. KPI and Ox2 

domains are present in APP and APLP2 but not APLP1. 
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1.1.1.1 Extracellular Domain  

The E1 domain is composed of two discrete domains called the GFLD (residues 18-123) and 

the CuBD (residues 133-189). The crystal structure of GFLD contains nine β-strands and a 

single α-helix region which contains a disulphide bridge linking amino acids Cys98 and 

Cys105 that stabilises a β-hairpin loop (Rossjohn et al., 1999). This structure has a 

resemblance to cysteine-rich growth factors. This β-hairpin loop contains one of the APP 

heparin sulphate proteoglycan (HSPG) binding domains. HSPGs are extracellular matrix 

proteins that bind to a variety of ligands, such as integrin’s, APP and a proliferation-inducing 

ligand, to regulate biological activities which include, but not limited, to tumour cell growth, 

neurite outgrowth and nervous system development (Bovolenta and Fernaud-Espinosa, 

2000; Hendriks et al., 2005; Kamimura and Maeda, 2015; Masu, 2015; Soares et al., 2015; 

Wang and Ha, 2004) . The HSPG binding domain is centred about the disulphide, Cys 98 to 

Cys 105, and includes a region, residues 96–110, that has previously been identified as part 

of a heparin-binding site. This domain is responsible for neurite outgrowth and 

neuroprotection against traumatic brain injury (TBI) (Corrigan et al., 2014; Rossjohn et al., 

1999; Small et al., 1992; Small et al., 1994b). APP also contains a HSPG binding site in E2, 

which varies structurally to the GFLD.  The E2 HSPG binding site is more elongated and has a 

concave surface which may increase its affinity for HSPG (San Mok et al., 1997; Wang and 

Ha, 2004). The GFLD by itself may be responsible for the growth factor properties of APP as 

the monoclonal antibody 22C11 which binds to this region inhibits neurite outgrowth 

(Ohsawa et al., 1997). A hydrophobic patch is adjacent to the β-hairpin loop which may 

function to modulate interactions with proteoglycan and APP-APP dimerisation interface 

(Rossjohn et al., 1999).  

Following the GFLD is the CuBD (also termed D2) spanning residue 133-189 and consists of 

one a-helix packed against a triple-stranded β-sheet (Barnham et al., 2003a).  The CuBD is 

believed to be involved in APP’s modulation of copper homeostasis in neurons. APP 

knockout mice show specific elevations in brain and liver copper levels (White et al., 1999) 

whereas overexpression of APP  in mice results in significantly reduced copper levels 

(Maynard et al., 2002). The structure of D2 is homologous to copper chaperones and it 

contains a copper binding site that favours Cu (I) coordination (Barnham et al., 2003b; Kong 

et al., 2007b) (Discussed further in chapter 1.2.1). The acidic region connects E1 to the 

carbohydrate domain which can be divided into the E2 and linker region. The function of the 



Literature Review       
 

 7 Chapter 1  

 

acidic domain has not been identified and it may serve a role in interfering with the cis- and 

trans- dimerisation of the E1 domain (Hoefgen et al., 2014). 

The structure of the E2 domain consists of two distinct coiled-coil substructures composed 

of six α-helices (Wang and Ha, 2004). It contains the RERMs sequence (APP328-332), which 

has growth-promoting activities (Ninomiya et al., 1993), and a heparin proteoglycan binding 

site that is neuroprotective as the GFLD. Both the GFLD and D6a domain, contain the 

heparin proteoglycan binding site (Residue 96-110 and 318-330) (Corrigan et al., 2011; 

Multhaup et al., 1994; Small et al., 1994b). They have been shown to be neuroprotective in 

TBI models in rats in which treatment with either the D1 or D6a domains significantly 

improved motor and cognitive outcomes (Corrigan et al., 2011; Multhaup et al., 1994; Small 

et al., 1994b).  The heparin binding domain of the E2 consists of six basic residues from 

helices αC and αD of one monomer (Arg-431, His-438, Arg-480, Lys-484, His-488, His-495) 

and a conserved Arg-392 from helix αB of the second monomer (Wang and Ha, 2004). The 

E2 can also bind to Zn (2+) and Cu (2+) which has also been shown to enhance the binding to 

heparin to the E2 domain. Adding to this study, Zn (2+) and Cu (2+) at physiological 

concentrations, binding also induces conformational changes (Dahms et al., 2012; 

Dienemann et al., 2015). The E2 domain can form anti-parallel dimers in solution. This 

buries the hydrophobic surface and creates a better grove of the heparin binding site but 

also blocks the RERMS sequence as it participates in the dimerisation (Wang and Ha, 2004). 

This may have implications for its various functions including cell-cell adhesion when it is 

membrane bound or as a growth factor when it’s cleaved into the extracellular 

compartment (Scheuermann et al., 2001b).  

1.1.1.2 Transmembrane and Intracellular Domain  

The transmembrane domain of APP links the extracellular and the AICD. It is the site of 

many enzymatic cleavage events and dimerisation. The details of these events will be 

discussed in chapter 1.1.2. Both the transmembrane and AICD are small compared to the 

extracellular domain and are unable to fold into tertiary structure.  

AICD is comprised of 50 amino acid residues and has been reported to interact with over 20 

proteins, such as amyloid beta precursor protein binding family A member 1, Numb and 

Fe65. These proteins are involved in signal transduction, apoptosis, and modulation of 
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cytoskeletal dynamics or modulate the intracellular homeostasis of calcium and ATP (Hamid 

et al., 2007; Müller et al., 2008). This may require the intracellular domain to be cleaved 

from the APP molecule by gamma-secretase cleavage (see chapter 1.1.2) to release the 

AICD. Several models hypothesise that the AICD is a transcriptionally active complex 

whereby AICD recruits Fe65 in the membrane to form an AICD/FE65 complex that 

subsequently translocates to the nucleus. Following translocation TIP60 enters the complex 

to generate the transcription factor (Bressler et al., 1996; Cao and Sudhof, 2001; Fiore et al., 

1995). Its transcriptional activity is broad  (Müller et al., 2008). Not only does AICD bind to 

the Fe65 family but also to X11 family, c-Jun-N-Terminal kinase interacting protein family, 

Proto-oncogene tyrosine-protein kinase (Src) family, amyloid beta precursor protein binding 

family A member 1, NUMB, NUMB-like protein, kinesin light chain, clathrin and cABL (Borg 

et al., 1996; Bressler et al., 1996; Roy et al., 2014; Scheinfeld et al., 2002; Tarr et al., 2002) . 

AICD transactivation is dependent on which binding factor it associates with. For example, 

JIP1 is associated with anterograde axonal transport, whereas PAT modulates intracellular 

APP sorting (Inomata et al., 2003; Kuan et al., 2006).   

Certain factors can modulate the transactivation of AICD. Alcadeins can competitively bind 

to Fe65 to supress APP-Fe65 dependant gene transcription. Similar to APP, Alcadein is a 

transmembrane protein that releases an intracellular domain, therefore an imbalance in 

Alcadeins and APP processing may influence its modulation of gene transcription which 

would in turn contribute to neuronal disorders (Araki et al., 2004).  NF-kB pathway 

activation by a pro-inflammatory signal, IL-1β, can supress AICD signal transduction (Zhao 

and Lee, 2003).  This implicates a role for APP in immune and inflammatory reactions which 

have proposed roles in the pathology of Alzheimer’s disease (Krause and Müller, 2010; Llano 

et al., 2012).   In addition, the transcriptional activity of the AICD was inhibited by the 

estrogen hormone, 17β-estradiol, by a process involving the interaction of the estrogen 

receptor alpha with Fe65 (Bao et al., 2007).  

AICD is able to target several genes to modulate its expression including KAI1 

(transmembrane glycoprotein of the tetraspanin family), Glycogen synthase kinase 3β 

(GSK3β), Neprilysin, Epidermal growth factor, p53  and Low density lipoprotein receptor-

related protein 1 (Alves da Costa et al., 2006; Hemler, 2005; Liu et al., 2007; Pardossi-

Piquard et al., 2005; Ryan and Pimplikar, 2005; Zhang et al., 2007). Fe65 is highly enriched in 

the brain (Guenette et al., 2006) and Fe65 and Fe65L KO mice showed cortical dysplasia 

similar to that seen in APP family KO (Guenette et al., 2006). Additionally Fe65 is 
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developmentally regulated and its expression increases from P10 to adulthood (Kesavapany 

et al., 2002). This showed good overlap with the expression of APP. The APP and Fe65 

colocalise in growth cones and therefore implicates the AICD in synaptogenesis and 

plasticity (Sabo et al., 2003).  

1.1.2 APP Processing 

APP is processed through distinct proteolytic pathways into various fragments during its 

intracellular trafficking, and these APP metabolites mediate various and sometimes adverse 

actions, therefore the function(s) of APP represent the sum of the effects of its processing 

products. The proteolytic processing is summarised in Figure 1.3. Some of the known roles 

for the APP cleavage products include neurite outgrowth and synaptogenesis (Ohsawa et al., 

1997), neuronal protein trafficking along the axon, transmembrane signal transduction 

(Kimberly et al., 2001), cell adhesion (Soba et al., 2005) and calcium metabolism (Leissring et 

al., 2002b) (discussed in chapter 1.1.3). 

APP is incorporated into the ER during translation and is transported through the trans-Golgi 

network  and then transported to the cell surface by trans-Golgi network derived secretory 

vesicles (Xu et al., 1997). During secretion, APP undergoes posttranslational modification by 

acquiring N- and O-linked sugars and has a half-life of approximately 60 mins (Weidemann 

et al., 1989b). At the cell surface APP is either cleaved by α-secretase to produce secreted 

forms of APP or it is re-internalised by the lysosomal degradation pathway (Sisodia, 1992).  

1.1.2.1 α-Secretase 

α-secretase cleaves APP in the Aβ sequence at the cell surface (Figure 1.3) (Esch et al., 

1990). The α-secretases are type-I transmembrane protease and members of the ADAM (a 

disintegrin and metalloproteinase) family: ADAM9, ADAM10, and ADAM17 (Buxbaum et al., 

1998; Jorissen et al., 2010; Koike et al., 1999). Cleavage by α-secretase produces a large 

soluble NH2-terminal fragment, sAPPα (105-125kDa), and a 10-kDa membrane-bound 

carboxyl-terminal fragment, A-CTF (Sisodia, 1992; Weidemann et al., 1989b).The A-CTF 

fragments produced by α-secretase cleavage can be further cleaved by the γ-secretase to 

yield a secreted 3-kDa fragment (P3) and an AICD (Haass, 1993). The sAPPα that is released 

from the α-secretase cleavage is known to be neuroprotective (Corrigan et al., 2014; 
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Corrigan et al., 2011; Corrigan et al., 2012). This is discussed in further depth in chapter 

1.1.3.5. 

1.1.2.2 β-Secretase 

The membrane bound beta-site APP cleaving enzyme 1 (BACE1) cleaves APP at the start of 

the Aβ sequence (aspartate 1) (Figure 1.3) (Sinha et al., 1999; Vassar et al., 1999b). This 

generates the APP fragments sAPPβ (100kDa) which is released into the extracellular space 

and a 12kDa fragment membrane-bound carboxyl-terminal fragment known as B-CTF 

(Figure 1.3) (Vassar et al., 1999b). The subsequent cleavage of B-CTF by γ-secretase yields 

the Aβ peptide that is intimately involved in Alzheimer’s disease pathogenesis (Turner et al., 

2003). The identity of BACE1 as the  beta-site APP cleaving enzyme is demonstrated by the 

over expression of BACE1 in HEK293 causing increased sAPPβ and Aβ levels (Vassar et al., 

1999b). Moreover, the production of Aβ is abolished in BACE1 knockout neurons (Cai et al., 

2001). BACE1 is found at very high levels in the pancreas, at moderate levels in brain, and at 

low levels in most peripheral tissues, however it only shows high activity in the brain (Sinha 

et al., 1999; Vassar et al., 1999a). 

1.1.2.3 γ-Secretase 

γ-Secretase is a multi-subunit protease that is comprised of presenilin (PS, PS1 or PS2), 

Nicastrin, anterior pharynx-defective-1, and presenilin enhancer-2 (Kimberly and Kimberly, 

2003). The PSs are thought to be the crucial catalytic components of γ-secretase (Ahn et al., 

2010; De Strooper et al., 1998) as knocking out PS in mouse cortical neurons reduces Aβ 

peptide levels. The γ-secretase complex resides primarily in the endoplasmic reticulum (ER), 

Golgi/trans Golgi network (TGN), endocytic and intermediate compartments. Interestingly, 

these are not major subcellular localisations sites for APP (Cupers et al., 2001; Kovacs et al., 

1996). The structure of the γ-secretase complex has been solved and it shows a horseshoe-

shaped transmembrane domain, which contains 19 unevenly distributed transmembrane 

segments with a thick and thin end. It also contains a large Nicastrin extracellular domain 

above the horseshoe centre and interacts with both the thick and thin end (Lu et al., 2014).  
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1.1.2.4 Aβ generation 

The Aβ peptide is partially derived from the transmembrane region. The Aβ peptide is 36-43 

amino acids and a part of the transmembrane domain of the C-terminal of APP (Hardy and 

Hardy, 2002). The Aβ peptide has been studied extensively and is known to aggregate to 

form insoluble fibrils (Bitan, 2003).  The solubility has been linked to the presence of β 

sheets. Its presence is seen in soluble Aβ, whereas its absence is linked to insoluble plaque 

formation (Hilbich et al., 1991).  These plaques are the causative agent of Alzheimer’s 

pathology due to its toxicity towards neurons (Pike, 1993). Further studies have now shown 

that it’s the oligomeric species that is responsible for the neurodegeneration associated 

with AD (Cleary et al., 2005; Jana et al., 2016; Li et al., 2009; Shankar et al., 2008) 

The two main forms of Aβ include Aβ1-40 and Aβ1-42, however many studies have shown 

the Aβ1-42 aggregates are more neurotoxic (Liao et al., 2007). Aβ is the main component of 

fibrils and senile plaques in AD brains which are known to be neurotoxic (Lorenzo, 1994). 

However, recent reports also indicates that soluble oligomeric species are the toxic species 

(Kim, 2003; Lambert, 1998; Walsh et al., 2001; Wang et al., 2002a). Substances that inhibit 

the formation of soluble Aβ oligomers block the neurotoxicity of Aβ to cultured rat 

hippocampal neurons (De Felice et al., 2004).  These oligomers can inhibit long term 

potentiation in the hippocampus in vivo and in vitro, which has roles in synaptic 

strengthening and memory formation (Walsh et al., 2002; Yun et al., 2006). It causes 

dendritic and axonal retraction followed by neuronal death in differentiated neurons 

(Yankner et al., 1990). This neurodegeneration is induced by the activation of molecular 

pathways that may be induced by Aβ. For example inhibition of the mitogen-activated 

protein kinase (MAPK), which in turn activates the extracellular signal-regulated kinases 

inhibited Aβ mediated neuronal death (Chong et al., 2006). 
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Figure 1.3 Schematic representation of APP processing 

The left non-amyloidogenic pathway involved the sequential cleavage of full length APP by 

α-secretase and γ-secretase to produce sAPPα, p3 and AICD. The right amyloidogenic 

pathway involved the sequential cleavage of full length APP by β-secretase and γ-secretase 

to produce sAPPβ, Aβ peptide and AICD. Full length APP; fl APP, Alpha-Carboxyl terminal 

fragment; A-CTF, Beta- Carboxyl terminal fragment; B-CTF. 
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1.1.3 Functions of APP 

A multitude of functions have been attributed to APP and to a lesser extent APLP1 and 

APLP2.  Roles for the APP-family have been identified in neuroprotection, neurogenesis, cell 

adhesion, cell signalling, blood coagulation, formation of neuromuscular junction and metal 

homeostasis. Structural analysis of APP shows that the APP fragments can be attributed to 

some of its actions mentioned previously. We will discuss some of the key functions that 

have been ascribed to APP.  

1.1.3.1 Development 

The APP family members have a role in neural development. As mentioned previously, APP 

and APLP1/2 KO mice suffer from neurological abnormalities and prenatal lethality.  APP 

levels peak around the 2nd postnatal week, which is the same time at which brain 

maturation events, such as synaptic formation, occurs (Loffler and Huber, 1992). This 

suggests APP has a role in synapse formation during development. APP can modulate 

neuronal migration during embryogenesis. Normally, neuronal precursor cells migrate from 

the subventricular zone to the cortex plate, however when APP is down regulated this 

process is inhibited and when APP is up regulated this process is accelerated (Young-Pearse 

et al., 2007).  It’s postulated that APP mediates migratory effect by linking the cytoskeleton 

to proteins of the extracellular matrix such as collagen, laminin and HSPG (Beher et al., 

1996; Caceres and Brandan, 1997).  During neuronal development cholesterol is necessary 

for synaptogenesis and the formation of neuromuscular junction. It can be obtained by de 

novo synthesis, however in the later stages cholesterol is obtained via endocytosis of 

lipoproteins (Mauch et al., 2001). It’s possible that APP interacts with various lipoprotein 

receptor protein and cholesterol itself to regulate the uptake of cholesterol (Barrett et al., 

2012; Choi et al., 2013).   

1.1.3.2 Metal Homeostasis 

APP, APLP1 and APLP2 expression can regulate metal levels.  In cultured mouse cortical 

neurons, APP and APLP2 KO neurons exhibit an accumulation of copper whereas transgenic 

APP overexpressing mice exhibit copper reduction (Needham et al., 2014). In APP and APLP2 

single KO brain, copper, iron, zinc and manganese levels were significantly higher compared 
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to wild type (Needham et al., 2014). This data indicates that APP and APLP has a role in 

metal homeostasis and this may be regulated by the Copper-binding domain of APP 

(Bellingham et al., 2004; Needham et al., 2014). The subcellular distribution of copper and 

zinc in wild type mice is the cytoplasm towards the axon base. In APP and APLP2 KO primary 

cortical neurons there was a decrease in copper, zinc, iron and calcium. There is also an 

alternation in the frequency distribution of copper, zinc and calcium concentration/pixel in 

the cell, therefore this study indicates APP and APLP has a role as metalloproteins and in the 

distribution of metals (Ciccotosto et al., 2014).   

Structural studies have also revealed that copper is able to bind to the CuBD of APP (Kong et 

al., 2007a; Kong et al., 2007b). AD patients show a decrease in aconitase, ceruloplasmin and 

APP gene expression. These genes regulate cellular iron and copper export, which indicates 

there is an impairment of metal homeostasis leading to oxidative stress seen in AD 

(Guerreiro et al., 2015). Copper has been shown to stimulate the secretion of APP via the 

non amyloidogenic pathway. CHO-APP cells treated with 10μM copper  chloride showed an 

increase in secreted APP, the non amyloidogenic metabolite, p3, and a decrease in Aβ 

(Borchardt et al., 1999). APP KO mice are known to have elevated copper levels, whereas 

APP overexpression in Tg2576 transgenic mice brain was reduced (Maynard et al., 2002; 

White et al., 1999). Copper homeostasis has been linked to AD. Transgenic AD mice (APP23) 

demonstrated an alteration in copper homeostasis that was linked to APP. When APP23 

were treated with copper, the bioavailability of copper in the brain increased. This resulted 

in a decrease in CNS Aβ levels, decreased amyloid plaques in the brain and an increase in 

survival of the mice (Bayer et al., 2003). These studies reveal a relationship between APP 

and copper and that copper deregulation is a contributing factor in the pathogenesis of AD. 

APP can mediate the export of iron and APP KO mice have shown to have elevated levels or 

iron in several organs (Duce et al., 2010). APP is also able to mediate the transport of iron 

through the stabilisation of ferroportin, a cell surface iron exporter, resulting in an efflux of 

iron. Through flow cytometry, it was demonstrated that treatment of mouse primary 

cortical neurons with sAPPα increased the presence of ferroportin at the cell surface 

(McCarthy et al., 2014; Wong et al., 2014). Taken together, these studies support the role of 

APP as a metalloprotein. 
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1.1.3.3 Receptor Function and Signalling 

APP could function as a receptor for several ligands as its role as a receptor was postulated 

by (Kang et al., 1987). Several groups have found ligands binding to surface APP. Aβ is 

known to bind to APP and so does F-spondin which regulates downstream  signalling and 

reduces β-secretase activity (Ho and Sudhof, 2004; Lorenzo et al., 2000). TAG1, a neuronal 

adhesion protein, can be a ligand to APP and it causes an increase in AICD release and Fe65 

dependant activity, which then negatively regulate neurogenesis in the ventricular zone (Ma 

et al., 2008). It can be concluded that TAG1-APP signalling negatively regulates neurogenesis 

(Ma et al., 2008). Nogo66 receptor can interact with APP and affect Aβ processing. The 

overexpression of Nogo66 receptor in neuroblastoma cells led to a decrease in Aβ levels. 

The disruption of Nogo66 receptor in transgenic mice increases Aβ levels in the brain and 

caused dystrophic neurites (Park et al., 2006). Interestingly, Nogo66 receptor inactivation 

leads to neurite and axonal outgrowth, plasticity and enhanced recovery after neuronal 

injury (Fournier et al., 2001; GrandPre et al., 2000; Kim et al., 2003b; Lee et al., 2004a; Li and 

Strittmatter, 2003). This indicates Nogo66 pathways behave differently in the presence of 

APP interaction.  

AICD binds to Fe65 and translocates to the nucleus to regulate gene transcription (discussed 

in chapter 1.1.1.2). The AICD can also be phosphorylated at tyrosine 682 (part of the YENPTY 

motif) of APP695 by NGF/TrkA signalling. In addition, this study found that APP can affect 

TrkA sensitivity to NGF, suggesting interconnecting signalling between the APP and TrkA 

(Matrone et al., 2011). This site is essential in development and phosphorylation of this site 

affects protein interaction and APP processing. Mutation at tyrosine 682 to guanine (Y682G) 

causes a shift in the processing pathway towards the non amyloidogenic processing. The 

mutation also led to postnatal lethality and synaptic defects similar to APP and APLP2 KO 

mice (Barbagallo et al., 2011; Barbagallo et al., 2010). Tyrosine 682 phosphorylation is 

enhanced in AD brain and was shown that this inhibited Fe65, Fe65L1 and Fe65L2 binding 

and signalling (Russo et al., 2001; Zhou et al., 2009).  

When tyrosine 682 is phosphorylated, APP can interact with Shc A and Shc C adaptor 

proteins. In mouse brain, APP and Shc A and Shc C were found to be associating with each 

other. In 293T cells transfected with APP, overexpression of TrkA increased the interaction 

between APP and Shc A. Shc can transduce signals relating to proliferation, survival and 
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differentiation through the activation of MAPK and/or a lipid kinase termed 

phosphoinositide 3-kinases (PI3K), therefore APP can mediate these pathways through Shc 

adaptor proteins (Tarr et al., 2002).  Interestingly phosphorylation of the cytoplasmic 

domain and MAPK activation is more prevalent in AD brain (Ferrer et al., 2001; Reynolds et 

al., 1997; Russo et al., 2001).  

APP is coupled to G-proteins, suggesting APP has a function in signal transduction. G(0) 

complexes with His657-Lys676 of APP and GTP hydrolysis of G(0) prevented its association 

with APP, indicating that APP associates with secondary messenger systems (Nishimoto et 

al., 1993; Okamoto et al., 1995). Jun NH2-terminal kinase (JNK) interacting protein 1 (JIP1), a 

secondary messenger activating the JNK pathway, is known to directly associate with AICD 

(Scheinfeld et al., 2002). In vivo and in vitro studies using FRET in mouse brains found that 

JIP1 loosely binds to APP and its interactions are transient. This study hypothesised that 

processing of APP causes the release of JIP1 to activate the JNK pathway which may be 

involved with AD (Scheinfeld et al., 2002).  

1.1.3.4 Cell Adhesion 

The E1 and E2 regions of APP interact with extracellular matrix proteins such as collagen, 

laminin, entacin and HSPG to have an effect on neurite outgrowth (Kisilevsky et al., 1995; 

Narindrasorasak et al., 1995; Narindrasorasak et al., 1992; Schubert et al., 1989; Small et al., 

1999). The extracellular matrix can influence the biogenesis and catabolism of APP. A 

microglia cell line (BV-2) transfected with APP was plated on various types of extracellular 

matrix and analysed for the expression of APP in lysates and condition media. Plating on 

polylysine, fibronectin, laminin or collagen increased the RNA expression of APP. Fibronectin 

increases sAPP secretion and decreases APP in the transmembrane, whereas laminin and 

collagen causes a decrease in secretion and cellular APP levels. Therefore APP adhesion to 

extracellular molecules can influence the expression pattern of APP (Monning et al., 1995).  

The RHDS motif, which is located in the Aβ sequence (residues 601-604 of APP and 5-8 of 

Aβ) and extracellular domain of APP was found to promote cell-matrix or cell-cell adhesion. 

U937 cells were plated onto wells coated with proteins containing the RHDS sequence and a 

dose dependent increase in the adhesion of cells was seen compared to controls not 

containing the RDHS sequence (Ghiso et al., 1992).  
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Integrin’s are surface proteins that mediate contact with the extracellular matrix  proteins 

such as collagen and laminin for the purpose of adhesion, development and signal 

transduction (Bokel and Brown, 2002). APP colocalises with the integrin heterodimers, α1β1 

and 51β1, which suggests that APP has a role in cell adhesion either by interacting with 

selected integrin’s or by sharing a similar mechanism to promote cell adhesion (Yamazaki et 

al., 1997). Taken together, APP is able to both directly and indirectly mediate cell adhesion. 

An important component of cell adhesion is the interaction of APP with HSPGs. By treating 

cells with agents that reduce levels of HSPG in the extracellular matrix (4-

methylumbelliferyl-beta-D-xyloside and heparinase) it was evident that the number of APP 

binding sites reduced by 80% which indicates APP binds mainly to HSPG in intact matrix 

preparations (Small et al., 1992; Small et al., 1994a). Cell to cell adhesion can also be 

promoted by APP by trans-dimerisation (discussed in chapter 1.2). Interestingly Aβ peptides 

are known to inhibit neurite outgrowth in primary neuronal cultures. Substrate bound Aβ 

was shown to inhibit cell-substrate adhesion, thus the inhibition of neurite outgrowth could 

be due to the inhibition of cell adhesion (Postuma et al., 2000). 

1.1.3.5 Neurite outgrowth, Synaptogenesis and Neuroprotection 

APP can increase neurite outgrowth. Growing mouse primary hippocampal neurons on a 

monolayer of CHO cells overexpressing APP (CHO-APP) resulted in increased neurite 

outgrowth compared to neurons growing on normal untransfected CHO cells (Qiu et al., 

1995). In an earlier study, APP was found to induce axonal sprouting in the sciatic and 

peroneal nerves. Mice injected with 520nM of the full length APP770 protein using an 

osmotic pump set at 1 μl/ hour for 7 days exhibited an increase in synaptic sprouting in 

myelinated axons (Alvarez et al., 1992). The down regulation of APP in normal embryonic 

cortical neurons by anti-sense oligonucleotides towards APP or depletion of APP in 

condition media using chromatography inhibits axon and dendrite outgrowth in-vivo. 

Treatment of plated cortical neurons with the anti-sense oligonucleotides produced a 

significant reduction in neurite outgrowth (Allinquant et al., 1995; Williamson et al., 1996). 

APP expression in cortical neurons during development correlates with the expression of 

growth associated protein-43. Growth associated protein-43 is well known to be able to 

promote neurite outgrowth and neuronal plasticity (Gispen et al., 1991; Neve et al., 1991). 

APP overexpressing mice also show an increase in growth associated protein-43, which is a 
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marker for neurite outgrowth. This indicates that APP is able to promote neurite outgrowth 

by up regulating proteins that promote neurite outgrowth (Dawson et al., 1999; Loffler and 

Huber, 1992; O'Hara et al., 1989). Studies using hippocampal neurons from APP KO further 

emphasise the role of APP in neurite outgrowth. Cultured hippocampal neurons from APP 

KO mice have reduced neurite outgrowth and viability. This deficiency was rescued after 1 

day by coculture with astrocytes from WT mice (Perez et al., 1997). Taken together, these 

studies show that APP plays an integral role in neurite outgrowth. 

APP is also involved in synapse formation since intracerebroventricular administration of the 

319-335 peptide of APP into rat brains resulted in increased synaptic density of the 

frontoparietal cortex and this correlated with enhanced memory retention. The 319-335 

peptide represented a small peptide from the C-terminal domain to the KPI that is 

responsible for trophic activity (Roch et al., 1994; Roch et al., 1992). Other evidence for the 

involvement of APP in synapse formation is the correlation between the expression of APP 

and synaptogenesis in the mitral cell layer of the rat olfactory system. This APP expression 

disappears when synaptogenesis is complete (Clarris et al., 1995).  Moreover, sAPPα has an 

impact on plasticity and spatial memory as mice injected with antibodies against sAPPα 

show reduced long term potentiation. Conversely, infusion of sAPPα into the hippocampus 

increases long term potentiation and spatial memory (Taylor et al., 2008). 

Outside of the brain, APP family members have been shown to also influence the 

development and function of neuromuscular synapses. APP and APLP2 KO mice had 

defective apposition of pre and post-synaptic proteins such as the acetylcholine receptor. 

The KO mice also have a decrease in synaptic vesicles in the neuromuscular junction, 

excessive nerve terminal sprouting and a defect neurotransmitter release (Wang et al., 

2005). They subsequently found that conditional APP KO on either the pre- or post-synaptic 

motor neuron of APLP2 null mice resulted in synaptic defects as seen in the APP and APLP2 

KO in the previous study. Co cultures of neurons from APP and APLP KO with HEK293 

overexpressing APP was able to promote functional synapses in contacting axons. These 

studies indicate that APP expression in the synapse is vital in the formation and function of 

neuromuscular synapses (Wang et al., 2009b).  

sAPPα treatment in TBI mice revealed a reduction in axonal injury in the corpus collosum, In 

addition to a reduction in apoptosis and improved motor outcome (Thornton et al., 2006). 
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In APP KO mice the outcomes are worse compared to wild type, however sAPPα treatment 

of APP KO mice subjected to TBI has been shown to have a rescue effect (Corrigan et al., 

2012) The regions in which sAPPα regulates neuroprotection has been localised to the D1 or 

D6a domains (as discussed in chapter 1.1.1.1 above). Traumatic brain injured rats have 

increased motor and cognitive improvements after being treated with these domains 

(Corrigan et al., 2011).  This may be attributed to the heparin binding region of the D1 and 

D6a domain that binds to heparin sulphate proteoglycans and mediates a neuroprotective 

response (Corrigan et al., 2011). Further research has narrowed the region to 

neuroprotection to the 96-110 region of APP (Corrigan et al., 2014). An activator of α-

secretase was also able to reduce inflammation, edema, improved locomotor performance 

and memory, further supporting the role of sAPPα in neuroprotection (Siopi et al., 2013).   

sAPPα is also shown to be important for proper neurite outgrowth in the presence of APP. 

The treatment of WT cortical neurons with sAPPα enhance neurite elongation, however this 

effect is negated in the absence of APP (Young-Pearse et al., 2008). Also, antibodies against 

Integrin β1 prevent the neurite enhancing properties of sAPPα and Integrin β1 interaction 

with full length APP.  Therefore, this study also shows that full length APP interacts with 

Integrin β1 and that sAPPα can interfere with this interaction to enhance neurite outgrowth 

(Young-Pearse et al., 2008). 

Although the majority of research has shown APP is essential for neurodevelopment and 

neurite outgrowth, some studies have shown APP to inhibit neurite outgrowth. A receptor 

that APP interacts with is the low-density lipoprotein receptor-related protein (LRP) 

(Billnitzer et al., 2013). This interaction induces APP endocytosis (Kounnas et al., 1995). 

Receptor- associated protein (RAR) is able to block APP from being endocytosed by LRP. APP 

KO hippocampal neurons has greater axonal outgrowth and branching compared to WT 

neurons, indicating APP has an inhibitory role in axonal outgrowth and branching. In these 

neurons, the interaction of LRP with RAR enhances axonal outgrowth and branching by 

activating ERK signalling which is known to promote axonal elongation (Perron and Bixby, 

1999). This study hypothesises that the interaction of LRP and RAR prevents the endocytosis 

of APP thus enhancing APP’s inhibitory effect on neurite outgrowth (Billnitzer et al., 2013). 
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1.1.3.6 Possible Mechanism of Action for APP mediating neurite outgrowth 

Some of the mechanisms which APP utilises to modulate neurite outgrowth will now be 

discussed. One of the mechanisms by which APP promotes neurite outgrowth is binding to 

extracellular matrix components (as described in chapter 1.1.3.4) such as collagen, laminin 

and HSPG (Beher et al., 1996; Clarris et al., 1997; Narindrasorasak et al., 1992). Laminin on a 

plastic substrate is efficient at promoting neurite outgrowth of cultured peripheral and 

central neurons from embryonic chicks (Pierce et al., 1988; Rogers et al., 1983). In APP 

transfected PC12 cells, it was demonstrated that APP binds to the IKVAV site on laminin to 

further enhance neurite outgrowth (Kibbey et al., 1993).  Collagen type 1 can bind to APP. 

More specifically, the α1CB5 binding site of collagen type 1 binds to residues 448-465 of 

APP695 (Beher et al., 1996). Collagen is a known substrate for neurite outgrowth for the 

peripheral and central neurons (Carbonetto et al., 1983; Thompson and Pelto, 1982). 

Therefore APP is able to bind to several extracellular matrix components to enhance neurite 

outgrowth. 

Another mechanism for APP to promote neurite outgrowth is its interaction with HSPG. The 

neurite promoting properties APP is blocked with a peptide homologous that binds to the 

heparin binding domain-1 of APP near the N-terminal 96-110 residue, thus indicating that 

access to this site is vital for promoting neurite outgrowth (Small et al., 1994b).  HSPGs are 

involved in brain development and Sulf 1 and 2 (sulfatase that removes 6-O-sulfate groups 

from HSPG) deficient mice displayed a reduction in neurite length, cell migration and cell 

survival, indicating that HSPG binding is a contributing factor to brain development (Kalus et 

al., 2015). HSPG are also involved in nerve regeneration since Syndecan-1 (a type of HSPG) is 

up regulated following nerve injury of the primary sensory neurons and peripheral motor 

neurons. This study also shows that syndecan-1 knock down in cultured dorsal root ganglion 

produces shorter neurites (Murakami et al., 2015; Murakami and Yoshida, 2012). A 

proposed model for the mechanism in which APP and HSPG may regulate neurite outgrowth 

involves sAPP binding to the extracellular matrix which allows APP to be presented in an 

orientation to allow it to bind to a specific cell surface receptor and thus stimulating neurite 

outgrowth (Small et al., 1999).  

Another proposed mechanism for APP’s neurite outgrowth regulating activity involves its 

ability to decease Ca2+ concentrations in growth cones and rat hippocampal neurons. 
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Conversely Aβ was shown to elevate levels of Ca2+ thus making the cells more vulnerable to 

excitotoxicity (Mattson et al., 1993a; Mattson et al., 1992). Modulation of Ca2+is used as a 

signal to regulate neurite outgrowth and synaptogenesis (Connor et al., 1990; Kater et al., 

1988). The mechanism by which APP reduces Ca2+ may involve K+ channels. Patch clamping 

of hippocampal neurons was used to show that sAPPα suppress action potentials by 

hyperpolarising cells through the activation of charybdotoxin-sensitive K+ channels. This 

study also used calcium imaging to determine K+ channel activation by sAPPα also 

decreases Ca2+ in the cell (Furukawa et al., 1996). sAPPα is also able to supress the elevation 

of Ca2+ via the supresses N-methyl-D-aspartate (NMDA) receptor. sAPPα supresses NMDA 

receptor current at concentrations of 0.011nM and this is able to protect neurons against 

excitotoxicity. Glutamate treatment inhibits neurite outgrowth, however pre-treatment of 

sAPPα reduced this inhibition (Furukawa et al., 1996; Mattson, 1994). Supporting the role of 

APP in modulating Ca2+ comes from APP and APLP KO mice. Analysis of metals in neurons in 

these mice showed a significant increase in copper, zinc, iron and calcium (Bellingham et al., 

2004; Ciccotosto et al., 2014; Needham et al., 2014) (discussed in chapter 1.1.3.2). Other 

trophic factors such as basic fibroblast growth factor work to decrease Ca2+, however it may 

be through a different mechanism (Mattson et al., 1993b).  

APP regulation of neurite outgrowth can be related to depolarisation. Neutralising APP upon 

depolarisation prevented neurite outgrowth and the addition of sAPP without 

depolarisation leads to neurite outgrowth. This process was shown to require NMDA 

receptor and mitogen activating protein kinase/extracellular signal–regulated 

kinases (MAPK/ERK) activity  (GakharKoppole et al., 2008). This study hypothesised that the 

C-terminus of APP docks with MAPK/ERK through adaptor proteins. In addition sAPPα is 

proposed to bind to and facilitate its interaction with NMDAR to induce ERK 

phosphorylation (GakharKoppole et al., 2008). The activation of MAPK/ERK results in 

downstream signalling that results in the transcription of genes that promote neurite 

outgrowth (Bonni et al., 1999; Riccio et al., 1999; Xing et al., 1998). The details of this will be 

discussed later in chapter 3.1.3.1. 

The actions of NGF are also mediated by APP. The treatment of pheochromocytoma cell 

lines, PC12, cells with a low dose of sAPP and membrane bound APP increased neurite 

outgrowth. Treatment of cells with NGF caused neurite outgrowth and antibodies against 

APP diminished the effect of NGF suggesting that NGF’s neuritogenic activity  is mediated by 
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APP (Milward et al., 1992).  Other studies confirm NGF treatment causes an increase in the 

release of sAPP into culture media (Clarris et al., 1994; Refolo et al., 1989). This study also 

demonstrated that sAPP affected the affinity of binding sites on NGF. The presence of APP 

increased the affinity of the low affinity binding site by a factor of 2.5 and also decreased 

the number of binding sites. Although APP does not directly affect NGF, it increases the 

affinity of p75 neurotrophin receptor (P75 NTR) for NGF. It may be possible that APP binds to 

a separate site from that used by NGF. sAPP and NGF synergistically causes TrkA 

phosphorylation (Akar and Wallace, 1998). This can be explained by previous studies looking 

at the relationship between p75 NTR and TrkA interaction. NGF binding to p75 NTR can 

enhance the sensitivity of TrkA to NGF (Bibel et al., 1999; Hempstead et al., 1991). In 

addition, p75 NTR and TrkA co expression creates high affinity binding sites for NGF 

compared to cells expressing TrkA only (Berg et al., 1991). The mechanisms by which these 

two receptors affect each other’s sensitivity remain controversial.  

This leads us to the binding of sAPP to neurotrophic receptors. sAPPα itself is able to bind to 

the p75 NTR to promote neurite outgrowth. sAPPβ was also tested however it binds with a 

lower affinity (Hasebe et al., 2013). The p75 receptor also has a role in the activation of the 

GTPase RhoA, which is an important inducer of neurite outgrowth (Yamashita et al., 2003) 

(discussed in chapter 4.4).   

Finally the AICD can also be implicated in neurite outgrowth. The AICD can target certain 

genes related to the cytoskeleton dynamics which is involved in neurite outgrowth. Some 

genes include α2-Actin, Transgelin, and Tropomyosin 1 as these relate to actin cytoskeleton 

dynamics (Muller et al., 2007). α2-Actin mutation causes a disruption in its interaction of 

myosin, destabilisation of actin and an increase susceptibility to severing by cofilin (Lu et al., 

2015a). A transgelin homolog, Scp1, was shown to bind and cross links actin to promote 

stabilisation (Goodman et al., 2003).  The overexpression AICD results in destabilisation at 

the cell body and clumping in the periphery (Muller et al., 2007). The overexpression of 

AICD can also increase the expression of GSK3β. AICD over expression in transgenic mice has 

enhanced GSK3β activation and Collapsin response mediator protein-2  (CRMP2) 

phosphorylation, leading to CRMP2 inactivation (Ryan and Pimplikar, 2005). This is known to 

depolymerise tubulin dimers and reduce axonal elongation (discussed further in chapter 

3.1.3.1). Other studies have shown that phosphorylation of APP T668 is necessary for AICD-

Fe65 interaction and nuclear translocation. This causes an increase in GSK3β expression in 
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PC12 and rat cortical neurons and also exhibits increased cell apoptosis (Chang et al., 2006).  

A T668A mutation prevents a change in AICD and GSK3β.  Cells treated with GSK3β 

inhibitors or contains a T668A mutation reduces cell death which implicates AICD T668 

phosphorylation in cell death. Interestingly human AD brain and AD transgenic brain shows 

an increased phosphorylation of T668 and GSK3β expression (Chang et al., 2006). 

The studies presented in this thesis demonstrated that APP dimerisation inhibits neurite 

outgrowth in differentiated SH-SY5Y cells. The mechanism of action of APP in neurite 

outgrowth is not fully understood. This study aims to elucidate the mechanisms by which 

APP dimerisation inhibits neurite outgrowth. By uncovering the mechanism by which APP 

dimerisation inhibits neurite outgrowth, we can gain further insights into how APP 

promotes neurite outgrowth. In order to understand the relationship between neurite 

outgrowth and APP dimerisation we need to review APP dimerisation and the effect it has 

on APP processing and function.   

1.2 Amyloid Precursor Protein Dimerisation 

APP can undergo dimerisation, either with other APP monomers (homodimer) or with the 

APP-family paralogues (heterodimer), APLP1 and APLP2. Once APP or APLP is synthesised it 

undergoes dimerisation in the ER. Dimerised APP is stably transported and can be integrated 

into the cell surface (Isbert et al., 2012). Another study has also revealed that APP dimers 

can localised in both the ER and Golgi and both studies found the KPI to be important for 

APP751 (Ben Khalifa et al., 2012; Isbert et al., 2012). 

It can dimerise in either a cis- or trans- configuration (Figure 1.5) and this will have impact 

on functions such as cell adhesion and processing. This will be subsequently discussed 

below. There are four domains in APP that are known to promote dimerisation. The E1 

domain is a region where all three APP paralogues can dimerise in either a homo or a 

heterodimer manner (Soba et al., 2005).  This study found that the three APP paralogues 

have a cis or a trans interaction both in in vivo and in vitro models. This study showed that 

the trans dimerisation of the APP-family members promotes cell adhesion (Soba et al., 

2005). The APLP1 molecule is mainly found on the cell surface which implicates APLP1 to be 

involved in cell-cell contacts via trans dimerisation. Studies shows that the addition of a 

synthetic peptide encoding APP residues 91-116, which includes the disulphide bridge 

between Cys-98-Cys-105, to SH- SY5Y cell cultures shows that it binds to the  N-terminal 
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domain of APP and inhibits APP dimerisation by causing conformational changes. This 

increased sAPPα and a decrease in sAPPβ and Aβ, presumably by inhibiting β-secretase 

(Kaden et al., 2008a). A follow up study found that the GFLD is important in mediating homo 

and hetero APP interactions, but it contributed less to APLP1 dimerisation (Kaden et al., 

2009).  

The E2 domain was also shown to be a region that modulated APP-family dimerisation. The 

X-ray crystal structure of E2 identified an antiparallel dimer and the authors suggested APP 

monomers can act as a receptor for another APP monomer on a neighbouring cell (Wang 

and Ha, 2004). APLP1 dimerisation seemed to rely more on the E2 domain and/or the C 

terminal compared to APP and APLP2 (Kaden et al., 2009).  Further X-ray studies showed 

that the APP dimer interface could give rise to heparin induced dimerisation (Lee et al., 

2011). Heparin is similar to HSPG and is a component of the extracellular matrix which may 

indicate that the E2 domain participates in cell adhesion to the extracellular matrix. As 

discussed previously in chapter 1.1.3.5, cell adhesion is important for the formation of 

synapses. 

The transmembrane sequence can also be a site of dimerisation. Though the analysis of 

transmembrane domains that exhibit high affinity helix-helix interaction, it was revealed 

that the GxxxG motif occurs in 80% of isolates (Russ and Engelman, 2000). Also using 

TOXCAT, which is an in vivo technique used to measure transmembrane helix association, 

the GxxxG motif was shown to be a major contributor of transmembrane oligomerisation 

(Senes et al., 2000). It is known that the GxxxG motif in other transmembrane sequence of 

proteins is a key mediator of dimerisation (Brosig and Langosch, 1998; Senes et al., 2004). 

The glycine residues permit the close proximity of the transmembrane helices to allow for 

interhelical van der Waals interaction.  This interaction is further strengthened by 

neighbouring β branched residues and hydrogen bonding of the helix backbone (Javadpour 

et al., 1999; Liu et al., 2003; MacKenzie and Engelman, 1998; Senes et al., 2001). The GxxxG 

motif adds structural stability and plasticity to a variety of proteins such as those involved in 

signal transduction receptors, channels and enzymes. Some of these include the ErbB 

receptor, integrins, APH-1 and lactose permease (Lee et al., 2004b; Li et al., 2004; Mendrola 

et al., 2002; Smirnova and Kaback, 2003).  
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In APP, transmembrane dimerisation is mediated by the three consecutive GxxxG motifs 

(residue 621-633, with glycines at G25, G29, G33 and G37) (Figure 1.4).  The substitution in 

the glycine residues G25, G29 and G33 in APP reduces the transmembrane dimerisation 

strength but doesn’t have an effect on full length APP homodimerisation.  This decreases 

production of Aβ42 but has no effect on Aβ40 and increases Aβ38 but shows no overall 

change in Aβ. This indicates a favouring of shorter Aβ peptides. Thus this study has shown 

mutations in the GxxxG seems to affect γ-secretase and its production of shorter Aβ 

peptides (Munter et al., 2007a). This might be due to the contribution of the GxxxG motif on 

the assembly of γ-secretase. Mutation in the GxxxG in a membrane protein known as APH-1, 

disrupts γ-secretase assembly and reduces it activity (Lee et al., 2004b). It has thus been 

proposed that GxxxG mutation in APP could interrupt its interaction with γ-secretase. The 

GxxxG mutants have no impact on α- or β-secretase cleavage efficiency, thus the GxxxG 

motif does not interfere with the ectodomain enzymatic cleavage of APP. However, inducing 

dimerisation by introducing a cysteine residue at position 17 (L17C) which promotes a 

disulphide bonded dimer, decreases sAPPα and increases the production of Aβ42. Also, the 

dimerisation of the transmembrane domain via the GxxxG motif does not affect APP 

dimerisation mediated by the ectodomain (Munter et al., 2007b).  

The affinity of APP-C99, the product of β-secretase cleavage, monomers in a lipid bilayer to 

form dimers was measured to be Kd=0.47 ± 0.15 mol % and the affinity of APP-C99 

monomers to cholesterol was Kd=2.7 ± 0.4 mol %. Both these processes were centred 

around the GxxxG motif and highlights the role of the GxxxG motif in mediating APP 

dimerisation and also indicating a higher abundance of the cholesterol/C99 complex (Song 

et al., 2013).  
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Figure 1.4 Schematic structure of APP with the sequence of Aβ (purple). 

The APP dimerisation GxxxG motif (green) of APP, L17C (red) and α, β, γ and ε secretase 

sites are highlighted in the sequence. 

 

1.2.1 Modulators of APP Dimerisation 

APP dimerisation can be induced by various molecules and this can affect the processing of 

APP. APP homodimerisation can be induced by the interaction of Aβ to the homologous 

sequence in the juxtamembrane domain (residue 597-624) of bound APP (Shaked et al., 

2006). It was shown that the binding of Aβ to APP was more toxic when APP was present 

and that this toxicity was dependant on the YENPTY intracellular motif. When the YENPTY 

motif was deleted Aβ toxicity was reduced. Therefore, APP homo dimerisation of the 

juxtamembrane domain induced by Aβ mediates toxicity through the intracellular domain of 

APP (Shaked et al., 2006). 

Another modulator of APP dimerisation is copper. HEK293 cells exposed to CuCl2 increased 

APP dimerisation and in turn an increase in the release of Aβ (Noda et al., 2013). 

Interestingly, Aβ40 levels had a higher increase relative to Aβ42, which is different to other 

studies which showed dimerisation favours the production of the longer Aβ42 peptide (Jung 

et al., 2014). Using Isothermal titration calorimetry, copper was shown to complex with the 

GFLD of APP with a high affinity (KD=28 nM) to promote both cis and trans APP 

dimerisation. This study also showed copper binding to the GFLD is essential for 

synaptogenesis. HEK293 transfected with APP, APP lacking the E1 or a mutation in the GFLD 

was co-cultured with mouse cortical neurons to demonstrate the importance of copper 

binding to the GFLD and synaptogenesis. A 50% reduction in synaptophysin puncta was 

evident in co-cultures contain APP lacking the E1 domain and a GFLD mutation in the copper 
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binding site (Baumkotter et al., 2014). The treatment of APP2576 transgenic mice for 9 

weeks with the zinc/copper chelator, clioquinol, resulted in a 49% reduction of Aβ 

deposition in the brain. The mechanism by which clioquinol is eliciting this response could 

be through its ability to reduce dimerisation of APP by decreasing copper levels (Cherny et 

al., 2001). Other studies have also shown that copper enhances dimerisation of APP and 

increases Aβ40 and Aβ42 production. Copper chelator, D-penicillamine, was used to treat 

HEK293 to show a reduction in APP dimers after being treated with CuCl2 (Noda et al., 

2013). A confounding study found that copper treatment prevents Aβ production and 

increases p3 and α-cleavage; however this study was done in CHO and not neuronal cells. 

Also this study did not look at whether copper affects APP dimerisation therefore the 

mechanism by which the copper inhibits Aβ production in this study may not be related to 

APP dimerisation (Borchardt et al., 1999).  

N-cadherins can mediate APP cis-dimerisation of the extracellular domain. N-cadherin 

overexpression in HEK293 overexpressing APP cells enhanced APP cis-dimerisation which 

subsequently led to an increase in Aβ and sAPPβ (Asada-Utsugi et al., 2011). N-cadherin is a 

surface protein involved in cell-cell adhesion, synaptic structure and plasticity and this may 

be attributed to its ability to affect APP processing (Benson and Tanaka, 1998; Tang et al., 

1998; Togashi et al., 2002). 

Heparin can induce the dimerisation of APP-E1 domains. Through crystal structure studies, it 

was demonstrated that two E1 monomers dimerise upon interacting with heparin which 

forms a bridge between the domains. It is an exothermic, pH dependant process and has a 

low dissociation constant (Dahms et al., 2010). Other studies using purified protein, size 

exclusion chromatography and dynamic light scattering have also shown heparin is an 

inducer of E1 APP dimerisation (Hoefgen et al., 2014). In neuroblastoma cells heparin was 

shown using Forster resonance energy transfer to induce dimerisation of APP at the plasma 

membrane. It was also shown that APP is a receptor of sAPPα which results in a disruption 

of APP dimers. sAPPα was also shown to be protective against starvation induced cell death 

but was not protective in mutants containing covalently dimerised APP, which indicates the 

mechanism of protection is through the disruption of  non-covalent APP dimers (Gralle et 

al., 2009).  
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Figure 1.5 Representation of the different models of APP dimerisation and regulators of 

dimerisation.  

(A) cis- and trans- dimerisation of APP (B) Modulators of APP including Aβ, copper (Cu), 

heparin (Hep), N-cadherin (N-cad) and sAPPα. X represents sites of dimerisation 
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1.2.2 Role of APP dimerisation in neurotoxicity 

The role of dimerised APP in regards to the generation of Aβ protein is controversial. A 

study has shown that inducing dimerisation of APP at the C-terminus using the membrane 

permanent drug, AP20187 leads to a70% increase in APP dimers and a  50% reduction in Aβ 

levels in N2a cells transfected with FK506 binding protein at the C-terminus (Eggert et al., 

2009).   In agreement with this finding others found that homodimerisation of the C99 

fragment protected it from γ-secretase cleavage. This study introduced a covalent bond by 

substituting leucine at position 17 for a cysteine into the C99 fragment to increase 

dimerisation by 70% and that the homodimers are not cleaved by γ-secretase in vitro. A 

decrease in Aβ and AICD correlated with the increase in dimerisation (Winkler et al., 2015) .  

Other studies have produced results contrary to the above mentioned studies, in which 

inducing homo dimerisation using an APP-L17C mutant increased the production of Aβ by a 

factor of 6 to 8 and decreasing dimerisation by mutating the GxxxG motif decreased Aβ 

production (Munter et al., 2007b; Scheuermann et al., 2001a). These results may be a result 

of using various dimerisation methods. The former study uses FK506 binding protein tagged 

to APP at the C-terminus to initiate dimerisation using AP20187 whereas the later study 

uses a disulphide bond by introducing a leucine in the transmembrane region. 

Jung et. al. (2014) showed that by inducing dimerisation via APP mutants containing 2 lysine 

mutation at G29 and G30 (3xK) on the border of the transmembrane and ectodomain, it 

increased long Aβ production. Using purified monomeric, dimeric and trimeric ƴ-secretase 

substrates, this study showed dimeric and trimeric wild type and 3xK APP was cleaved 

inefficiently at the ƴ-site cleavage regardless of sequence, while monomeric forms of the 

APP lysine mutant APP increase longer Aβ peptides but did not affect Ɛ-site cleavage.  This 

indicates that ƴ-secretase processing is dependent on the sequence rather than 

dimerisation of the substrate.(Jung et al., 2014; Weidemann et al., 2002).  

The effect of APP dimerisation has on APP processing and Aβ peptide length is unclear as 

there are several studies with conflicting results. The effect APP dimerisation has on APP 

processing could be related to the region of APP that is used to induce dimerisation. 

Ectodomain dimerisation and transmembrane dimerisation leads to increased Aβ (Kaden et 

al., 2008b; Munter et al., 2007b), whereas dimerisation via the cytoplasmic domain leads to 
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a decrease in Aβ (Eggert et al., 2009). As mentioned previously it can also be related to the 

APP sequence dictating ƴ-secretase processing (Jung et al., 2014) 

1.2.3 Role of APP Dimerisation in Synaptogenesis and Neuroprotection 

As discussed previously in chapter 1.2.2, reducing the dimerisation strength through 

mutations in the GxxxG motif can decrease Aβ production and slightly increase sAPPα 

(Munter et al., 2007b). Following this study the GxxxG mutations (G33A) were introduced 

into SH-SY5Y cells with an APP- Swedish FAD mutant. This resulted in a 60% decrease in 

Aβ42 which implicates the potential of the GxxxG motif to prevent sporadic and familial AD 

(Munter et al., 2010).  

The dimerisation of APP alters the production of sAPPα. sAPPα has been shown to be 

neuroprotective in mouse models of TBI (Corrigan et al., 2012; Thornton et al., 2006). 

Inducing dimerisation through an L17C mutant decreases sAPPα and reducing dimerisation 

through a G33I mutant increases sAPPα (Munter et al., 2007b). Taken together with the TBI 

studies, the dimerisation of APP could indirectly have an effect on the neuroprotective 

properties of sAPP.  

The expression of APP in both the pre and post-synaptic compartments of the 

neuromuscular junctions and central neurons are required for synapse formation (as 

discussed in chapter 1.1.3.5). APP and APLP KO mice are defective in the formation of 

neuromuscular junctions (Wang et al., 2005). Follow up studies further elucidate the 

importance of pre and post-synaptic APP as post-synaptic APP is essential for 

synaptogenesis.  It’s postulated that the synaptic defects present in APP KO in either the pre 

or post-synaptic junction could be attributed to the role of trans-dimerisation of APP to 

mediate proper synaptic function (Wang et al., 2009b).  In chapter 1.2.1, copper was 

discussed to induce cis and trans dimerisation of APP by binding to the GFLD. Additionally, 

this study also demonstrated that this process is essential for synaptogenesis induced by 

APP in HEK293 cells overexpressing APP (Baumkotter et al., 2014). 

To understand how APP mediates neurite outgrowth an understanding of the process 

neurite outgrowth and its mediators needs to be considered (Chapter 3.1). The relationship 

between APP dimerisation and neurite outgrowth is subsequently discussed in Chapter 3.5.   
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1.3 Thesis hypothesis and aims 

APP dimerisation has several roles in APP processing and its function. Many studies have 

focused on how APP dimerisation affects enzymatic cleavage and factors that induce or 

inhibit dimerisation, however not much is known about how APP dimerisation can affect 

APP function in regards to neurite outgrowth. The hypothesis of this thesis is that 

dimerisation can modulate APP functions. To test this hypothesis we look at the effect of 

dimerisation on APP mediated neurite outgrowth.  To carry out this study, the human 

neuroblastoma cell line SH-SY5Y was transfected with APP mutants that modulate 

dimerisation. The APP genes tested were APPwt (wild type APP), APP-G33I (decrease 

dimerisation), APP-L17C (increase dimerisation) and the pCEP4 vector as the vector only 

control. Stably transfected cells were selected and analysed for their defective neurite 

outgrowth phenotype during Retinoic acid differentiation. This study also attempts to 

elucidate the mechanism APP dimerisation are using to affect APP function. Extracellular 

signalling was first investigated as APP dimerisation is known to affect the population of 

secreted forms of APP.  Condition media was tested for missing neurite outgrowth factor or 

if an inhibitory factor was being secrete. Intracellular signalling mechanism responsible for 

the APP-L17C neuritogenic phenotype was also investigated. Fluorescent imaging was used 

to determine if APP dimerisation caused subcellular mislocalisation of APP. RhoA GTPases 

signalling is a major regulator of neurite outgrowth and it has been previously shown that 

APP can affect its activity, thus RhoA activity in the APP dimerisation mutant was also 

determined. Finally next generation sequencing and qRT-PCR was used to determine if APP 

dimerisation caused a change in miRNA gene expression.  
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2.1 Cell culture and transfection 

2.1.1 Freezing and Thawing of Cell Lines 

SH-SY5Y human neuroblastoma cells were purchased from the American Tissue Culture 

Collection (ATCC). Frozen cells were thawed rapidly at 37oC, diluted in 10mL of Dulbecco's 

Modified Eagle Medium (DMEM) (Gibco, Invitrogen; Australia) supplemented with 10% (v/v) 

heat inactivated fetal calf serum (FCS) and 1% Penicillin-Streptomycin (50U/ml penicillin and 

50 μg/ml streptomycin). Cells were then centrifuged at 500 x g and resuspended in DMEM 

media and seeded into tissue culture flasks. Cells were then placed in an incubator set at 

37oC with 5% CO2. Cell in the log phrase was trypsinised and harvested by centrifugation at 

500 x g and pellet suspended in 3 ml of freezing solution (10% DMSO, 50% FCS, 40% 

media(v/v)). Cells aliquoted into cryostat vials (Nunc;Roskilde, Denmark) and placed in 

isopropanol container (Nalene, Rochester, NY, USA) for 48 hours at -80oC. Vials were 

transferred to boxes to be stored in liquid nitrogen in cryotanks.  

2.1.2 Maintaining and Plating Stable SH-SY5Y cell lines 

Cells lines were maintained in an incubator set at 37oC with 5% CO2. This cell line was 

routinely maintained in a T75 flask. The culture media consisted of DMEM (Gibco, 

Invitrogen; Australia) supplemented with 10% (v/v) heat inactivated fetal calf serum (FCS) 

and 1% Penicillin-Streptomycin (50U/ml penicillin and 50 μg/ml streptomycin). Cells were 

allowed to grow and divide but once they reached 85% confluency, cells were passaged. Cell 

health was monitored routinely by viewing the cells through a bright field microscope. 

Healthy cells had an oblong like shaped cell soma, contained long neurites growing from the 

cell soma while undergoing differentiation (but not in the APP-L17 mutant cell line). DAPI 

staining of cells showed no nuclear condensation of fixed cells suggesting that all 

experimental cell cultures were healthy. Cells were passaged for a maximum of 5 times 

before a new batch of early passage cells were used. To passage cells, culture media was 

removed and then cells were initially washed in Dulbecco's phosphate-buffered 

saline followed by exposure to 0.25% Trypsin (Thermofisher, USA) which causes the cells to 

detach from the plastic surface. The detached cells were resuspended in 10 mL of growth 
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media, triturated 10 X to ensure a single cell suspension. The number of cells harvested was 

quantified by mixing 10 μL of cell suspension with 10 μL of Trypan Blue followed by manual 

quantitation using a hemocytometer.    

For morphological studies, cells were plated at 6,250 cells/cm2 on a 6 well plate (Nunc, 

Roskilde, Denmark). For immunofluorescence experiments, cells were plated at 10,000 

cells/cm2 onto 13 mm glass coverslip and placed in 12 well plates (Nunc, Roskilde, 

Denmark). For the experiments in Chapter 4, cells were also plated into a 6 well plates at 

6,250 cells/cm2, 12,500 cells/cm2 and 62,500 cells/cm2. For the experiments in Chapter 5, 

cells were plated in 75cm2 flasks at 750,000 and 100,000 cells/cm2. For the differentiation of 

SH-SY5Y, 10μM of Retinoic acid in DMEM supplemented with 1.5% FCS and 1% Penicillin-

Streptomycin was used as growth media. The media was replaced every 3 days for 2 weeks 

and then cells used for experimentation. 

2.1.3 Lipofectamine Transfection and Stable Selection 

Cells were seeded into 24 well plates at a density of 62,500 cells/cm2 and were left 

overnight in a 37oC with 5% CO2 incubator. The following day, the growth media was 

replaced with 400 μL of serum free Opti-MEM and then 4 μL of Lipofectamine and 5μg of 

DNA were added. Experiments were conducted following manufacturer instruction for 

Lipofectamine 2000 DNA Transfection Reagent (ThermoFischer, USA). 24 hours after 

transfection, media was replaced with DMEM growth media and incubated for 48 hours. 1 

of the wells was used to test the transgene expression by Western Blot and the other was 

used for stable selection. For stable selection, cells were split at a 1 in 10 ratio into a 6 well 

plate and incubated for 24 hours. 100 μg/mL of Hygromycin-B (Sigma, USA) was added to 

media and changed every 3 days for 3 weeks. Colonies picked and expanded into T75 flask 

with DMEM growth media plus 50 μg/mL of Hygromycin-B. Cells were again analysed for 

transgene expression and then expanded. Aliquots of cell suspensions were frozen down 

using the protocol indicated in 2.1.1.  
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2.1.4 MicroRNA pLenti virus transduction  

Differentiated or undifferentiated APP-L17C was transduced with lentivirus containing pre 

miR-34a gene. Cells were seeded onto coverslips at 10% confluency in a 24 well plate in 

complete DMEM media. After 24 hours, cells were (i) differentiated for two weeks with 

retinoic acid and then infected for 24 hours with the Lenti-control (empty) or Lenti-miR34a 

and (ii) undifferentiated SH-SY5Y-APP-L17C cells were infected for 24 hours with either 

Lenti-control (empty) or Lenti-miR34a and then differentiated for two weeks with retinoic 

acid.  After 24 hours of infection media was replaced with fresh complete DMEM media 

every 24 hours for 3 days. Cells were then fixed and stained for immunofluorescence 

imaging as per the protocol in chapter 2.3. Cells were then analysed morphologically for 

neurites/cell body using image J software. 

2.2 Cell Lysis, SDS-PAGE and Western Blotting 

2.2.1 Tricholoracetic Acid Protein Precipitation 

Condition media was collected 3 days after media change.  500μL of condition media 

collected and precipitated using Trichloroacetic acid. 125μL of 100% Trichloroacetic acid was 

added to condition media and incubated at 4°C for 5 minutes. Tubes were spun down in 4°C 

centrifuge at 16000 g for 5 minutes.  Supernatant was removed and pellet was washed with 

1000μL of acetone. Tubes were spun down again in 4°C centrifuge at 16000 g for 5 minutes 

and repeat wash 2X. On the final wash glass rod was used to crush pellet into powder. 

Powder suspension was then placed in 95°C heat block until acetone evaporated off. 100μL 

of 2X sample buffer (with or without BME) added to resuspend pellet. Tube boiled in 95°C 

heat block for 10 minutes to completely solubilise protein pellet. 

2.2.2 Cell Lysis 

Cells in 6 well plates were briefly washed using ice cold PBS. 300μL of lysis Buffer (25 mM 

HEPES, 100 mM NaCl, 1 mM EDTA, 10% (v/v) glycerol, 1% (v/v) Triton X-100) + 0.1% 

protease inhibitor (Z-VAD. FMK) was added to each well and agitated for 1 minute. Cells 
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scraped off plate and lysates were collected and spun down at 10, 000 g for 5 minutes. 

Supernatants collected and stored at -80oC. 

2.2.3 Bicinchoninic acid (BCA) protein assay 

Supernatants collected and analysed using the Bicinchoninic acid (BCA) protein assay (Pierce 

BCA Protein Assay Kit Cat, Thermofischer, USA). Serial dilution of BSA (2mg/mL) was loaded 

into 96 well microtitre plate (Greiner) in duplicate using a final volume of 25μL to establish a 

standard curve. 25μL of diluted sample (1:5) was also added to 96 well plate in duplicate. 

The BCA reagent was made up using 1 part reagent B to 50 parts reagent A. 175 μL of BCA 

reagent added to each well and the plate was then incubated at  37oC for 20 minutes. 

Absorbance was read at 590nm using a FLUOstar Omega plate reader (BMG Labtech, VIC 

Australia) and protein concentrations were calculated according to standard curve. 

2.2.4 Sample Preparation 

Lysates normalised to 1 μg/μl according to the results of the BCA by adding LDS sample 

buffer (4x) (ThermoFischer, USA) and reverse osmosis water to make a volume of 50μL. 10% 

Tris (2-carboxyethyl) phosphine (ThermoFischer, USA) added to sample and denatured by 

heating to 95oC for 3 minutes. 

2.2.5 SDS-PAGE and Western Blotting 

15μL samples were loaded into precast 12% NuPAGE Bis-Tris gel (Thermofischer, USA) and 

electrophoresed in NuPAGE MES SDS Running Buffer at 150V for 1 hour. Proteins were 

transferred to nitrocellulose membrane (Biorad, USA) using cold transfer buffer (25mM Tris, 

0.2M Glycine, pH 7.2 and 10% methanol) at 400 mA for 1 hour. Blots were blocked with 5% 

skim milk in PBS-T (0.137M NaCl, 2.7mM KCl, 6.5mM Na2HPO4, 1.5 mM KH2PO4, 0.1% 

Tween). The blots were then incubated in primary antibody, diluted in PBS-T overnight at 

4oC. Blots were then rinsed 3 times at 5 minutes each using PBS-T and then incubated with 

HRP conjugated secondary antibody diluted in PBS-T for 1 hour at room temperature. Cells 

were washed as above. Both primary and secondary antibody incubation and washes were 
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done with agitation on a rocker (RATEK, Australia).   The blots were then incubated with 

Enhanced Chemi Luminescence reagent (GE Amersham ECL, GE healthcare, USA) for 5 

minutes in the dark and then imaged on Microchemi (DNR Bio-Imaging Systems, USA). 

Images obtained from Microchemi were quantified using ImageJ Software. The averaged 

data were analysed in Graphpad Prism 6 (Graphpad Software Inc).  

Table 2.1 Primary Antibodies used for Western Blotting and Immunofluorescence   

10 Ab Target Dilution 
20 Ab HRP 
conjugate 

Dilution 

22C11 (in house) 
APP residue  66-
81 

1/500 (WB) 
1/50 (IF) 

Anti-mouse 
Anti-mouse 
(Alexa 488 
cat# A-21121) 

1/5000 (WB) 
1/100 (IF) 

WO2 (in house) 
APP Aβ region 
residue 1-16 

1/ 100 (WB) Anti-mouse 1/ 5000  

β3-tubulin  
(Cell Signalling 
ab4466) 

β3-tubulin 
D71G9 

1/ 5000 (WB) 
1/ 100 (IF) 

Anti-rabbit  
Anti-
rabbit(Alexa 
568 cat# 
A11010) 

1/ 5000 (WB) 
1/ 100 (IF) 

GAPDH (Cell 
Signalling #2188) 

 GAPDH residue 
14C10 

1/50000 (WB) Anti-rabbit 1/ 5000 (WB) 

GRASP64  
(Abcam, ab30315 

Golgi Network 1/ 100 (IF) 
Anti-mouse 
(Alexa 488 
cat# A-21121) 

1/100 (IF) 

Calnexin (Abcam, 
ab22595) 

Endoplasmic 
Reticulum 

1/ 100 (IF) 

Anti-
rabbit(Alexa 
568 cat# 
A11010) 

1/100 (IF) 

2.3 Phase Contrast and immunofluorescence 

Live SH-SY5Y cells grown in 6 well plates were placed onto the stage of a Leica DM IRB 

inverted microscope and 4 phase contrast images were taken from each well and in 

duplicate wells using the 20 x objective. 10 cells were counted from each image with a total 

of 80 cells analysed for neurites.  

Cells grown on coverslips were prepared for immunofluorescent microscopy by 4% 

formaldehyde fixation. For formaldehyde fixation  500μL 4% formaldehyde was added into 

well and incubated for 20 minutes. Coverslips were then washed 2 times using PBS for 5 
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minutes each and permeabilisation buffer (0.075% Triton X-100) was added for 20 minutes. 

Coverslips were then washed with PBS for 5 minutes and then blocking buffer (10% goat 

serum) was added and incubated for 60 minutes at room temperature. Coverslips were 

incubated with diluted primary antibody (in block) overnight at 4oC. Coverslips were then 

washed 3 times using PBS for 5 minutes each. Coverslips were then incubated with diluted 

secondary antibody (in block) and DAPI (Sigma, NSW Australia) nuclear stain for 60 minutes at 

RT in the dark. Coverslips were 3 times using PBS for 5 minutes each and then mounted 

using mounting media (Prolong Gold ThermoFischer cat# P36934). Cells were imaged using 

a Zeiss Axioscope Fluorescence Microscope. 

In phase contrast images, field of views were selected based on confluency in 4 non 

overlapping areas in duplicate wells.  Although cells were seeded in identical densities, there 

is a small margin of variability due to counting variability and cell division rates. For this 

reason fields of view were selected based on a density that permitted a clear distinction of 

neurites for a portion of the cells and cell exclusion and inclusion criteria were established 

to ensure appropriate selection of cells for analysis. Cell inclusion criteria included cells not 

in contact with other cells and they displayed neuronal morphology. Cells were excluded for 

analysis when cells grouped together or when they had a rounded shape indicating poor cell 

health. Cells transfection and treatment conditions were blinded before the number of 

neurites/cell body was quantitated manually using Image J software.  

In the immunofluorescent images, cells were seeded under the same condition and the 

fields of view were selected based on the same criteria. For lentiviral experiments, a cell 

chosen for quantitation of neurites/cell body was based on the presence of GFP and not in 

large groups. Exclusion criteria were cells that did not have the GFP. 

2.4 RhoA GLISA activation 

2.4.1 Sample Preparation 

SH-SY5Y were grown in 6 well plates and then differentiated for 2 weeks with 10μM Retinoic 

acid. APPwt, APP-L17C or pCEP4 (vector control) transfected cells were washed with ice cold 

PBS and either lysed on ice or frozen in liquid nitrogen or APP-L17C cells were treated with 

APPwt condition media for 3 days and then lysed and frozen in liquid nitrogen. 
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Concentration of lysates was measured using Precision Red Advanced Protein Assay reagent 

and equalised to 0.5mg/mL.  

2.4.2 GLISA Plate Preparation and Sample Analysis 

GLISA wells were prepared for incubation with equalised cell lysates. Initially, plates were 

incubated with cell lysates, along with blanks and positive controls on orbital shaker at 4oC 

for 30 minutes. The wells were then washed and incubated with anti-RhoA primary antibody 

for 30 minutes at room temperature. The wells were then washed and incubated with 

secondary HRP labelled antibody for 45 minutes at room temperature. Detection reagent 

was then added into each well and incubated at 37oC for 15 minutes followed by the 

addition of the HRP stop buffer. Wells were then read at 490nm on a plate 

spectrophotometer. Before calculations to RhoA activity, blanks were subtracted from 

individual wells and activity of RhoA calculated relative to vector control or untreated wells. 

This was conducted according to manufacturer protocol (Cytoskeleton, RhoA G-LISA 

Activation Assay Kit BK124).  

2.5 Differential MicroRNA analysis 

2.5.1 Sample Collection, Quantitation and Qualitation 

The genome wide differential expression of miRNA was elucidated using the Ion Torrent 

Next Generation Sequencing from ThermoFischer Scientific. Vector control, APPwt and APP-

L17C cells seeded into duplicate T75 flash at 8000 cell/cm2 and then differentiated with 

10μM Retinoic acid for either 0, 7 or 14 days. Cells collected using 700μL of Qiazol lysis 

buffer per flask. Total RNA was isolated from SH-SY5Y cells using the miRNeasy kit (QIAGEN) 

according to manufacturer’s instructions. Quality and quantity of RNA was then assessed 

using the Agilent RNA 6000 Nano chip according to manufacturer protocol (Agilent, 

Mulgrave, VIC, Australia). In order to proceed to the next step, a minimum percentage of 

small RNA was required. This was assessed on an Agilent 2100 Bioanalyser using a Small 

RNA chip according to manufacturer protocols (Agilent, Mulgrave, VIC, Australia).  
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2.5.2 Small RNA Enrichment 

If the 10-40nt RNA fragments were less than 0.5% of the total RNA, then enrichment would 

be necessary. This involves enrichment using the NEBNext Poly (A) mRNA magnetic isolation 

module according to manufacturer protocol (Life Technology, Ion Total RNA-Seq Kitv2 for 

Small RNA Libraries, publication part #4476289).  The percentage of small RNA was 

determined using the Small RNA chip according to manufacturer protocols (Agilent, 

Mulgrave, VIC, Australia).  

2.5.3 Generating cDNA Libraries 

RNA was then hybridised and ligated to primers to the enriched small RNA samples (Life 

Technology, Ion Total RNA-Seq Kitv2 for Small RNA Libraries, publication part #4476289). 

Reverse transcription was performed on the ligated RNA according to manufacturer 

instruction (, Ion Total RNA-Seq Kitv2 for Small RNA Libraries, Life Technology, USA). The 

cDNA generated was then purified and size selected using Nucleic acid binding beads 

according to manufacturer instruction (, Ion Total RNA-Seq Kitv2 for Small RNA Libraries, Life 

Technology, USA). The purified cDNA was then amplified using PCR in which barcoded 

primers were used to generate a barcoded library for sequencing. This was done according 

to manufacturer instruction (Ion Total RNA-Seq Kitv2 for Small RNA Libraries, Life 

Technology, USA). The cDNA was again purified using Nucleic acid binding beads which 

removes the larger amplified DNA and collects the smaller fragments of amplified DNA. This 

was done according to manufacturer protocol (Ion Total RNA-Seq Kitv2 for Small RNA 

Libraries, Life Technology, USA). cDNA was then analysed for its concentration and size using 

the Agilent Bioanalyser and Agilent DNA 1000 Kit (Agilent, Mulgrave, VIC, Australia).   

2.5.4 Sequencing cDNA Libraries 

Ion PMG Template OT2 200 Kit (ThermoFischer, USA) was them used to amplify and load 

the enriched cDNA library onto Ion Sphere Particles. Not all Ion Sphere Particles are loaded 

with cDNA, therefore only template positive Ion Sphere Particles was recovered using the 

Dynabeads MyOneTM Streptavidin C1 Beads and the Ion OneTouchTM ES instrument. The 

final step was the sequencing which involved using the Ion PMG sequencing 200 K v2  to 
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Qiazol Lysis of SH-
SY5Y and extracted 
RNA from sample 
(Qiagen 217004) 

Analysed quality of RNA 
(Bioanalyser) (Agilent 

RNA 6000 Nano Kit 
5067-1511) 

Determine percentage of 
small RNA in sample 

(Agilent Small RNA Kit 
5067-1548) 

Enriched for small RNA 
using Nucleic acid binding 

beads (Life Technology 
447689) 

Determine percentage of 
small RNA in sample 

(Agilent Small RNA Kit 
5067-1548) 

Hybridise and ligate RNA 
to primers 

Performed 
reverse 

transcription to 
obtain cDNA 

Purify and size select 
cDNA using Nucleic 
acid binding beads 

Amplified the 
cDNA 

Purify and size select 
cDNA using Nucleic 
acid binding beads 

Assess quantity and size 
distribution of amplified 
cDNA (Agilent DNA 1000 

Kit 5067-1504) 

Prepare Ion Sphere 
Particle template 

Load cDNA onto 
Ion Sphere Particle  

Recover and enrich 
template positive 

ISP 

Sequence template 
positive ISP (ion PGM 
Sequencing 200 kit v2 

4482006 

Analyse results for 
differentially 

expressed miRNA in 
APP-L17C vs APPwt 

(Partek flow) 

RT PCR to validate 
differentially expressed 

miRNA 

Transduce APP-L17C 
with lenti virus for 

down-regulated miRNA 

prepare the template positive Ion Sphere Particles to be loaded onto the Ion 318TM Chip v2 

BC and sequenced on the Ion PGMTM Sequencer. Sequence results were aligned to the 

human genome were mapped to miRBase v.19 The data was then analysed for differential 

expression and fold changes using Partek Genomic Suite software (Partek, Helios, 

Singapore). Reads were normalised to reads per million calculated as follows: Number of 

sequenced reads/total reads x 1,000,000. The protocol for miRNA mass sequencing is 

summarised in Figure 2.1. 
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Figure 2.1 Flow chart of protocol for miRNA genome wide sequencing 

 The Ion Torrent Next Generation Sequencing from ThermoFischer was used to prepare the 

samples for sequencing. Findings were then verified by qRT-PCR followed by lenti viral 

transduction of selected miRNA target. 

2.6 qRT-PCR of miRNA 

2.6.1 RNA Extraction 

Vector control, APPwt and APP-L17C cells were seeded into T75 flash at 8000 cell/cm2 and 

then differentiated with 10μM Retinoic acid for either 0, 7 or 14 days. 750μL of Qiazol Lysis 

buffer was added to each flask and collected. 140μL of chloroform was added to lysate and 

centrifuged at 4oC at 12000 x g for 15 minutes. Upper aqueous phase collected and spun 

down in an RNeasy mini spin column.  Column was washed with RWT and RPE buffer. RNA 

was then eluted from columns using 50μL of RNase free water. This was conducted using a 

miRNeasy Mini Kit according to manufacturer protocol (Qiagen, Germany). RNA quality and 

quantity was then assessed using Agilent RNA 6000 Nano chip and Agilent Bioanalyser. This 

was conducted according to manufacturer protocol (Agilent, Mulgrave, VIC, Australia). 

2.6.2 Reverse Transcription 

Reverse transcription was performed from extracted RNA to produce cDNA using the 

TaqMan MicroRNA Reverse Transcription Kit (ThermoFischer, USA). A primer pool composed 

of the miRNA targets were used in the reverse transcription. 400ng was used in a reaction 

volume of 15μL.  Components and volume for each reaction is given in table 1. Thermo-

cycling conditions are given in appendix table 2. This was conducted according to 

manufacturer protocol. 
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2.6.3 Quantitative Real Time Polymerase Chain Reaction (qRT-PCR) 

The cDNA was prepared for qRT-PCR reaction. It was diluted 1:10 and added to the 

reaction mix described in appendix Table 3. 96 well plate set up for micro RNA Assay 

Reaction using Taqman Universal PCR master mix (ThermoFischer, USA). Each sample 

and miRNA primer was assayed in triplicates. U6 endogenous housekeeping control 

primer was also used. Plate was then sealed with adhesive film (Applied Biosystems 

USA) and centrifuged for 1500 g for 4 minutes.        

Plate was then loaded into the Applied Biosystems Fast Real-Time PCR machine. The 

cycling parameters are described in appendix Table 4. The Applied Biosystems 7500 

software used comparative thresholds to analyse the amplification curves. The Ct 

values of the sample (APP-L17C) and controls (vector control and APPwt) were then 

normalised to U6. ΔCt, ΔΔCt and Fold changes were calculated by the Applied Biosystems 

7500 software. Method of calculation: 

ΔCt (sample) = Ct (APP-L17C for miR-34a) – Ct (APP-L17C for U6) 

ΔCt (control) = Ct (APPwt for miR-34a) – Ct (APPwt for U6) 

ΔΔCt = ΔCt (sample) - ΔCt (control) 

Fold change – 2^ (- ΔΔCt) 
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The processing of APP can be modulated by its dimerisation. Our study has found that APP 

dimerisation using the L17C mutation causes a defect in neurite outgrowth upon 

differentiation. Therefore, it is necessary to review the process of neurite outgrowth and 

how APP plays a role in neurite outgrowth in order to understand how APP dimerisation can 

affect this process. 

3.1 Neurite outgrowth in Neuronal Cells 

Neurites are the thin protrusions emanating from the neuronal cell soma and the length of 

the neurites is as long as the cell soma diameter (Figure 3.1A). Neurites are composed of a 

microtubule shaft composed of microtubules and tipped with an actin rich growth cone 

which is predominantly composed of filamentous-actin (F-actin) (Figure 3.1B). There are 

many known and unknown factors and pathways that act on either of these filaments to 

modulate their polymerisation or depolymerisation and subsequent neurite formation. 

Neurite outgrowth (also known as neuritogenesis) occurs in 4 main stages. These include 1) 

the formation of lamellipodia, 2) outgrowth of minor processes, 3) formation and growth of 

axons, 4) dendritic outgrowth and 5) maturation (Dotti et al., 1988; Grabrucker et al., 2009). 

The proteins and pathways that modulate neurite outgrowth are directly relevant for this 

thesis and will be discussed in detail in this Chapter. 

3.1.1 Process of neuronal polarisation 

The commencement of a neurite begins with the formation of filopodium from the cell 

body. While the mechanism of the initiation of the filopodia is not entirely clear. Svitkina 

and Bulanova (2003) proposed a model known as the convergent elongation model, which 

suggests that filopodia initiation is by the rearrangement of the actin dendritic network via 

Arp2/3 complex (Svitkina et al., 2003). This Arp2/3 complex is believed to form nucleation 

centres that then form lamellipodia. Within the lamellipodia, filaments are capped thus 

preventing elongation. However some barbed ends bind to tip complexes (Ena/VASP) that 

prevents them from being capped thus permitting continuous elongation. The barbed ends 

of these tipped filaments converge and continue to elongate together. 
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Figure 3.1 Mouse primary hippocampal neuron stained for α-tubulin (green) and F-actin 

(red) 

 (A) Neurites composed of microtubule shaft and tipped with an actin rich growth cone. (B)  

Magnified image of growth cone with actin organised into thick bundles to form the 

filopodia and also a diffuse sheet called the lamellipodia. The microtubules are confined to 

the centre of the growth cone with some bundles protruding into some of the filopodia 

(arrows) (Dehmelt et al., 2004). 

 

3.1.2 Cytoskeleton 

The process driving neurite formation is the reorganisation of the cytoskeleton. The 

cytoskeleton is responsible for cell morphology, transport and motility. The components of 

the cytoskeleton include the polymers of actin filaments, microtubules and intermediate 

filaments. Actin is responsible for structure and motility and microtubules are required for 

various stages of mitosis and are also involved in intracellular transport (Pollard and Cooper, 

2009). These components provide resistance against tensile force. This is important as an 

application of tension to neurites causes its elongation and development into an axon 
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(Lamoureux et al., 2002). A vital aspect of neurite formation is the polymerisation of the 

monomeric subunits that make up the actin and microtubules. Primary neurons treated 

with actin depolymerisation agents (cytochalasin B) resulted in growth cone dysfunction but 

continued misguided neurite elongation while application of microtubule depolymerisation 

agents (colchicine) resulted in neurite retraction (Yamada et al., 1970, 1971). Therefore, 

actin is required for neurite guidance and growth cone structure whereas microtubules are 

required for elongation. Intermediate filaments are known to be involved in maintaining 

axons and providing tensile strength (Eyer and Peterson; Zhu et al., 1997) however it has not 

yet been implicated in neurite outgrowth; therefore it will not be discussed here.  

3.1.2.1 Actin  

Polymerisation of actin monomers at the submembraneous region drives the protrusion of 

lamellipodia and filopodia in the growth cones of extending neurites. At the proximal end of 

polymerisation, disassembly of actin occurs which balances the actin assembly at the 

leading edge. This process is known as tread milling and is vital in the formation of neurites 

(Rzadzinska et al., 2004; Wanger et al., 1985). Actin monomers are able to assemble 

spontaneously in a physiological system however there are several mechanisms that tightly 

regulate this process. The spontaneous formation is inhibited by the binding of capping 

proteins, profilin and sequestration of thymosin-β4. These act by either sequestering actin 

monomers or bind to the barbed ends thus preventing spontaneous assembly (Kovar et al., 

2006; Mattson et al., 1993a; Pantaloni and Carlier, 1993). Conversely, actin assembles into 

super structure’s in growth cones, filopodia (linear bundles) and lamellipodia (mesh like gel) 

in order to maintain motility and guidance (Bentley and Toroian Raymond, 1986; Claessens 

et al., 2006; Gardel et al., 2004).  

3.1.2.1.1 Regulators of Actin Polymerisation and Depolymerisation 

De novo actin assembly can be stimulated by proteins known as actin nucleators. The 

Arp2/3 complex and formins are two actin nucleation factors that have been well 

characterised for nucleating new filaments for F-actin. This complex is activated by Wiskott–

Aldrich Syndrome protein/WASP family verprolin-homologous protein (WASP-WAVE) 

proteins which are regulated by Rho GTPase Cdc42 (discussed in chapter 4.3.2) (Kim et al., 

2000; Machesky et al., 1999). Mutations in the Arp2/3 results in the reduction of F-actin 

filaments (Mullins and Pollard, 1999; Symons et al., 1996; Zallen et al., 2002). Formin protein 
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has been shown to be a regulator of F-actin polymerisation while cells expressing the 

dDAAM mutants, a member of the formin superfamily, showed reduced filopodia number 

and axonal growth cone development (Matusek et al., 2008). Further genetic interaction 

analysis was performed showing drosophila DAAM acting with the Rac GTPases, which are a 

family member of Rho GTPase. Other actin nucleation factors that have been reported 

include Cordon Bleu and Spire which have roles in neuronal development and morphology 

(Ahuja et al., 2007; Rasson et al., 2015).   

Actin severing proteins depolymerise the actin cytoskeleton. This results in the recycling of 

the actin cytoskeleton which is important for locomotion and neurite outgrowth (Garvalov 

et al., 2007; Sarmiere and Bamburg, 2004). An example of an actin severing protein is cofilin.  

Cofilin binds to monomeric ADP bound F-actin to alter its twisting confirmation (Maciver et 

al., 1998; McGough et al., 1997). The process is regulated by the phosphorylation of LIM-

kinase (LIMK) which deactivates cofilin, whereas the slingshot phosphatase activates cofilin. 

It can also be regulated by phosphatidylinositol (4, 5) P2 (PIP2) which sequesters cofilin to 

the membrane (McGough et al., 1997). Conversely, profilin binds to G-actin monomers to 

promote the exchange of ADP to ATP thus making more polymerisation competent 

monomers. This complex associates with some of the actin nucleating proteins including 

WAVE and DAAM to be transferred onto filaments (Dominguez, 2009) 

Ena/VASP proteins regulate actin by binding to the barbed ends (Barzik et al., 2005). They 

are enriched in filopodial tips and protrusive lamellipodia which are enriched in barbed ends 

during development (Lanier et al., 1999). Upon binding to the barbed ends, Ena/VASP 

directly transfer actin monomers to the barbed ends to prevent the binding of capping 

proteins and enhance the rate of actin polymerisation (Barzik et al., 2005; Bear et al., 2002; 

Chereau and Dominguez, 2006; Pasic et al., 2008). While genetic defects of Ena/VASP in 

drosophila resulted in misrouting of axon bundles, thinning of longitudinal axon bundles, 

unorganised axonal fiber tracts and defects in the guidance of neurons (Gertler et al., 1995). 

Capping proteins are able to bind to the barbed ends and prevent the addition of actin 

monomers and thus prevent polymerisation. For example Capz has been shown to reduce 

the length of actin filaments (Xu et al., 1999). 

3.1.2.2 Microtubules  

Along the core of a neurite shaft runs polarised bundles of microtubules. Microtubules are 

made up of α- and β-tubulin dimers. These dimers are arranged in a linear and polarised 
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array to form protofilaments. There are 13 protofilaments that make up one microtubule 

which has a diameter of 25 nm (Amos and Klug, 1974; Evans et al., 1985; Luduena et al., 

1997; Savage et al., 1989).  

These microtubules facilitate the trafficking of vesicles and organelles but more importantly 

they are essential in neurite formation (Hirokawa et al., 1998; Yamada et al., 1970). In order 

for neurites to form, microtubules are generated and reconfigured into parallel bundles at 

the centrosome that are then released into the periphery and into developing axons within 

1 hour of its synthesis (Ahmad and Baas, 1995; Yu, 1993; Yu et al., 1996). Microtubules are 

continually in states of polymerisation and depolymerisation, which is called dynamic 

instability (Mitchison and Kirschner, 1984).   These states are dependent on the binding of 

guanosine 5-triphosphate (GTP) at the nucleotide exchange site (E-site) on β-tubulin. The α-

subunit binds to a nonexchangeable nucleotide at the nonexchangeable site whereas the β-

subunit binds to GTP at the E-site. Once GTP is bound to the tubulin subunit, it polymerises 

and soon after it hydrolyses to release a phosphate and this puts pressure on the 

microtubule to splay apart. Thus the splayed end primarily comprises of GDP-tubulin which 

energetically favours depolymerisation (MacNeal and Purich, 1978).  

When a tubulin dimer is added to a plus end, its catalytic end contacts the E-site nucleotide 

of the previous subunit forming the interface that should bring about hydrolysis. However, 

the GTP in the E-site of the newly added tubulin dimer will not be hydrolysed until the next 

subunit is added. The result is that the plus end will generally have a GTP cap of at least one 

tubulin monolayer (Mitchison and Kirschner, 1984; Nogales, 1999). The process of 

polymerisation and depolymerisation is summarised in Figure 3.4.  

3.1.2.2.1 Regulators of Microtubule Polymerisation and 

Depolymerisation 

Several proteins interact with microtubules to regulate its polymerisation and 

depolymerisation. Microtubule plus end tracking proteins (+TIPS) are proteins that associate 

to the plus end of the microtubules to direct growth (Akhmanova and Steinmetz, 2008). An 

example of this is the adenomatous polyposis coli (APC) protein which localises in neurites 

and axons before it elongates considerably. The knock down of APC results in an inhibition 

of axon outgrowth (Purro et al., 2008; Votin et al., 2005). APC mechanism of action may 

involve the targeting of PAR3 to PARK6 and atypical protein kinase C at the growth cone (Shi 
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et al., 2004). Other examples include EB1, EB3, LIS1 and double cortin. Each has a different 

mechanism of action but all have roles in neurite outgrowth.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Model of microtubule polymerisation and depolymerisation. 

Similar to actin filaments, microtubules contain a plus end where tubulin dimers are added 

for growth and a minus end where dimer depolymerisation occurs. GTP bound β-tubulin is 

added to the plus ends and is immediately hydrolysed to GDP.  GTP tubulin provides stability 

and prevents depolymerisation but when GTP tubulin is lower than hydrolysis 

depolymerisation occurs. When more GTP tubulin becomes more available the microtubules 

start elongating. This polymerisation and depolymerisation are in a dynamic state of growth 

and shrinkage (Flynn, 2013). 
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Microtubules are severed mainly at the centrosome and inhibition of the severing reduces 

axonal outgrowth. Microtubules need to be severed in order to be transported which allows 

more microtubules to be available for assembly (Dent et al., 1999; Wang and Brown). 

Microtubule severing proteins, such as Katanin, is highly expressed during axonal outgrowth 

and recedes after the axon reaches a stopping point (Karabay et al., 2004). Its 

overexpression increases formation of axons, but branching is unaltered. Interestingly, 

overexpression of Spastins (a microtubule severing protein) leads to increased branching 

and its down regulation did not significantly affect axon length (Yu et al., 2008b; Yu et al., 

2005). 

Microtubule destabilising proteins can increase the rate of microtubule depolymerisation. 

Stathmins for example, bind to tubulin dimers to form a ternary complex and this slows the 

polymerisation and depolymerisation equilibrium (Jourdain et al., 1997). This sequestration 

also lowers the concentration of tubulin which leads to more microtubule catastrophes. It 

can also stimulate catastrophes by binding to the microtubule ends to cause GTP hydrolysis 

(Belmont and Mitchison, 1996; Howell et al., 1999). Another example of a microtubule 

destabilising protein is superior cervical ganglia neural-specific 10 protein which works by 

sequestering tubulin (Charbaut et al., 2001). 

Microtubules associated proteins (MAP) of the MAP2/Tau family interact with and stabilise 

the microtubules of the cellular cytoskeleton. Binding of recombinant MAP2c to 

microtubules resulted in a reduction in the frequency and duration of catastrophes (the 

transitions from growth to shortening) thus affecting the dynamic instability of the 

microtubules (Gamblin et al., 1996; Kaech et al., 1996). MAP2 can bind to both microtubules 

and actin to stimulate neurite outgrowth. MAP2C expression causes the bundling of MAP2C 

associated microtubules in addition to the formation of growth cones (Dehmelt et al., 2003). 

Microtubule bundling alone is not sufficient for neurite outgrowth as F-actin alteration is 

essential (Dehmelt et al., 2003; Roger et al., 2004; Rzadzinska et al., 2004). In vitro, MAP2C 

causes actin bundle formation however in in vivo, its exact function in binding to F-actin is 

unknown. Treatment with microtubule polymerisation agents or actin polymerisation and 

depolymerisation agents alone did not have an effect on neurite outgrowth in 

neuroblastoma, Neuro-2a, cells. However, treatment with Taxol, which causes actin 

disruption, resulted in neurite formation, thus F-actin has an inhibitory effect on neurite 

outgrowth and needs to be overcome in order for neuritogenesis to occur (Bubb et al., 
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2000; Dehmelt et al., 2003; Spector et al., 1989). A possible mechanism for this effect is the 

retrograde flow of actin from the periphery towards the centre which inhibits the 

advancement of microtubules to the periphery (Schaefer et al., 2002; Waterman-Storer and 

Salmon, 1997). Studies also suggest that microtubules alone can generate neurite 

protrusion however it is enhanced by actin filament depolymerisation (Bertram et al., 2007; 

Lamoureux et al., 2002; Pantaloni and Carlier, 1993). There are several theories as to how 

MAP2 alters F-actin. Firstly, one theory suggests that microtubule polymerisation activates 

Rac1 (discussed in chapter 4.2) thus causing the phosphorylation and inactivation of 

Stathmin/Op18, which is a protein that promotes microtubule catastrophe (Kuntziger et al., 

2001; Larsson et al., 1999). The second theory suggests that MAP2C alters the equilibrium of 

force at neurite initiation sites. This involves a mechanism in which the actin meshwork 

engages with the extracellular matrix to cause actin polymerisation at the leading edge to 

cause a protrusion (Mitchison and Kirschner, 1988). Thirdly, MAP2C promotes F-actin 

interaction with microtubules. Since it binds to both actin and microtubules it may guide 

microtubule polymerisation along actin bundles in the filopodia (Schaefer et al., 2002). More 

details in (Dehmelt, 2014). 

There are several kinases that affect the cytoskeleton. An example is the PI3K-GSK3 

pathway. Knock down of both GSK3 isoforms reduces axonal growth (Shi et al., 2003; 

Yoshimura et al., 2005). Others include the serine and threonine kinase (STK11) and STRAD 

interaction, MAPK and PI3K and its lipid product phosphatidylinositol-3, 4, 5-triphosphate 

(PIP3) (Menager et al., 2004; Shelly et al., 2007; Tararuk et al., 2006). These pathways will be 

subsequently discussed in chapter 3.1.3.1 and 3.1.3.2. 

3.1.3 Intracellular Signalling Pathways Underlying Neurite Outgrowth 

Extracellular cues for neurite outgrowth signalling include neurotrophin 3, nerve growth 

factor (NGF) and brain-derived neurotrophic factor (BDNF) which bind to neurotrophic 

receptors such as p75NTR and the tyrosine receptor kinase (Trks) (Banfield et al., 2001; 

Robertson et al., 2001). Another regulator of neurite outgrowth involves Rho GTPase 

(discussed in Chapter 4). 
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3.1.3.1 Tyrosine receptor kinase 

Trks are able to activate several secondary messaging pathways and have several roles 

ranging from survival, proliferation, synaptic function, assembly of cytoskeleton, regulating 

channel function and receptor cross talk (Allsopp et al., 1994; Lin et al., 2000; Smeyne et al., 

1994) (Huang and Reichardt, 2003). This review will focus primarily on their role in axonal 

and dendritic growth. Ligand binding to Trks causes it to dimerise (Jing et al., 1992) and 

subsequently autophosphorylate the tyrosine amino acids (Y) located in the cytoplasmic 

domain (Cunningham et al., 1997; Kaplan et al., 1991). The most studied tyrosine sites 

include Y785 and Y490 which mediate the binding to phospholipase C γ1 (PLC- γ1) and Shc, 

respectively.  

PLC- γ1 is activated once it docks at the Y785 site to hydrolyse PIP2 to create inositol tris-

phosphate (IP3) and diacylglycerol (DAG) (Cifuentes et al., 1993; Rhee, 2001; Yagisawa et al., 

1998). IP3 opens the endoplasmic reticulum and cause the release of calcium which 

activates pathways such as the unfolded protein response (Andruska et al., 2015). DAG 

activates DAG-regulated protein kinase C isoforms, namely PKC which seems to act 

between RAF and MAP kinase kinase (MEK) in this signaling cascade. MAPK activation by 

MEK leads to several cellular fates one of which being differentiation. PKC blockage 

prevent neurite outgrowth by NGF therefore NGF acts through PKC  to stimulate neurite 

outgrowth (Corbit et al., 1999). 

Shc docking leads to the recruitment of the adaptor proteins, growth factor receptor-bound 

protein-2, followed by a Ras exchange factor, son of sevenless, which stimulates Ras 

(Holgado-Madruga et al., 1997; Nimnual et al., 1998) . Ras then activates the PI3K, MAPK—

activating protein kinase 2 pathways and the ERK pathway (Xing et al., 1996). ERK and 

MAPK—activating protein kinase 2 results in the phosphorylation of the transcription factor, 

cAMP response element binding. These regulatory genes are required for neuronal survival 

(Bonni et al., 1999; Riccio et al., 1999; Xing et al., 1998). PI3K is a lipid kinase which 

catalyses’ the transfer of a phosphate group of ATP to phosphoinositide’s. There are three 

classes of PI3K, each of which has different affinities for phosphoinositide’s. Class 1 PI3K for 

example has an affinity for PIP2 anchored to the plasma membrane and phosphorylates it to 

PIP3 (Hawkins et al., 1992). PIP3 has a role in neuronal polarisation and axon formation. Its 

accumulation in neurites causes them to elongate and become an axon, whereas inhibiting 
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PI3K and PIP3 production disrupts elongation (Menager et al., 2004). PIP3’s mechanism of 

neurite generation isn’t fully understood but it is proposed that PIP3 is acting through Rac1 

and its downstream effector WAVE, as both are seen to be accumulating in the growth 

cone. PI3K activation is known to induce neurite outgrowth through the Rac1-JNK pathway 

activation (Kimura et al., 1994; Kita et al., 1998). Rac1 is part of the small RHO GTPase family 

which are involved with neurite outgrowth. The details of the Rac1 pathway will be 

discussed in Chapter 4. 

PIP3 also recruits proteins containing the pleckstrin-homology domains to the membrane, 

some of which include, but not limited to, the Akt kinases and 3-phosphoinositide-

dependent kinases1 (PDK1) (reviewed by (Rebecchi and Scarlata, 1998; Shaw, 1996)). When 

PDK1 binds to PIP3 it causes the activation of protein kinase b (c-AKT) (Burgering and Coffer, 

1995). C-AKT then phosphorylates GSK3β causing it to become inactive. C-AKT and GSK3β is 

localised to the growth cones of hippocampal neurons and active GSK3β overexpression 

causes the inhibition of axonal elongation whereas GSK3β inhibition results in the formation 

of axons (Jiang et al., 2005; Yoshimura et al., 2006; Yoshimura et al., 2005). 

The mechanism by which GSK3β mediates its function is through the phosphorylation of 

CRMP2 thus causing it to deactivate (Yoshimura et al., 2006). CRMP2 interacts with tubulin 

heterodimers and promotes microtubule assembly, thus its phosphorylation reduces its 

ability to interact with tubulin dimer (Fukata et al., 2002). CRMP2 can interact with several 

other proteins such as the Rac1-associated protein 1, SRA1, and WAVE1 complex which is a 

complex known to regulate the actin cytoskeleton stability and this may be through linking 

SRA1-WAVE1 complex to kinesin-1 (Kawano et al., 2005).  CRMP2 is highly expressed in 

developing neurons and in growth cones and its overexpression of non-phosphorylated 

CRMP2 induces the formation of axons and dendrites and counteract the inhibitory effect of 

active GSK3β (Arimura et al., 2004; Inagaki et al., 2001; Yoshimura et al., 2005). GSK3β is 

also able to phosphorylate MAPS such as tau, MAP1B and Adenomatous polyposis 

coli protein. In its unphosphorylated state its able to stabilise microtubules but this can be 

prevented by its phosphorylation by GSK3β (Hanger et al., 1992; Lucas et al., 1998; 

Mandelkow et al., 1995; Mandelkow et al., 1992; Zumbrunn et al., 2001).    
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3.1.3.2 p75 Neutrophin Receptor (p75NTR) 

Similar to Trks activated dimerisation, the p75NTR also dimerises after neurotrophin binding 

(Grob et al., 1983; Nadezhdin et al., 2016).  The expression of p75NTR is evident in a variety of 

cells of the CNS during differentiation. Some include spinal motor neurons, thalamic 

nucleus, amygdala and the dorsal cochlear nucleus (Buck et al., 1987).  Its expression is 

restricted to post-mitotic cells and is absent in proliferative neuroepithelial cells of the 

periventricular layer, which suggests p75NTR has a role in proliferation (Cotrina et al., 2000; 

Heuer et al., 1990). p75NTR mRNA is also expressed in peripheral neurons in the early stages 

of development. As neural crest cells migrate to their target site, they express p75NTR and 

then begin to differentiate and lose their expression of p75NTR (Schatteman et al., 1993; 

Sutter et al., 1979). In cells expressing p75NTR but not TrkA, NGF can protect cortical and 

hippocampal neurons from excitotoxicity. NGF binding also protected the neurons from 

calcium mediated hypoglycaemic damage. These are but a few examples on the 

neuroprotective roles of p75NTR (Kume et al., 2000). 

The mechanism by which p75NTR mediates its cell survival and neuroprotection is thought to 

be through NF-ĸB activation. NF-ĸB are a family of transcription factors that regulate various 

genes that are involved in cell survival, plasticity and learning (Foehr et al., 2000; Gentry et 

al., 2000; Kassed and Herkenham, 2004; Meffert et al., 2003). This is reviewed in (O'Neill 

and Kaltschmidt, 1997). NGF binding to the p75NTR receptor increases NF-ĸB DNA binding 

activity (Gentry et al., 2000). Another pathway that’s also involved in p75NTR signaling is the 

PI3K pathway (Roux et al., 2001).  PI3K can lead to the induction of NF-ĸB, in part due to the 

inactivation of the NF-ĸB by I-ĸB kinase 1 (NF-ĸB inhibitor)(Ozes et al., 1999).  

Conversely, p75NTR is also involved in apoptosis. Overexpression results in cell death, 

presumably through spontaneous dimerisation and signalling. However, cell death in this 

study was rescued by NFG treatment (Majdan et al., 1997; Rabizadeh et al., 1993). Upon 

nerve lesion or ischemia in the central and peripheral nerves, p75NTR expression increased 

(Andsberg et al., 2001; Stark et al., 2001).  Also a reduction in p75NTR after axontomised 

sensory neurons was associated with reduced neuron loss (Cheema et al., 1996).  

The mechanism by which p75NTR induces apoptosis involves the withdrawal of 

neurotrophins.  Following NGF withdrawal from PC12 cell culture media, cells with lower 

p75NTR expression shows less cell death compared to those with p75NTR over expression. This 
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was associated with an increase in activation of JNK and p38 and suppression of MAPK. This 

indicates that cell death from NGF withdrawal requires p75NTR and its signalling through JNK, 

p38 and MAPK (Barrett, 2000). Sympathetic neurons derived from p75NTR exonIII knockout 

mice demonstrated that apoptosis was delayed following NGF withdrawal (Bamji et al., 

1998).  p75NTR knockout led to a decrease in neuronal cell number in the peripheral sensory 

neurons and a loss of sensitivity to NGF (Lee et al., 1994; Lee et al., 1992). The prevailing 

model underlying this mechanism involves the small GTPase Cdc42 and Rac1 binding and 

activating to MAP3K upon NGF withdrawal (Bazenet et al., 1998; Tibbles et al., 1996).  

MAP3K phosphorylates MKK4 which then phosphorylates and activates Jun Kinases 3 (JNK3) 

(Bruckner et al., 2001; Xu et al., 2001). JNK3 phosphorylation of c-Jun leads to the 

phosphorylation of BH3-domain only family member, Bad, and the accumulation of 

cytochrome c and activation of Caspses-3, 7 and 9 (Bhakar et al., 2003; Salehi et al., 2002). 

Furthermore, the multimerisation of p75NTR and activation of Caspase 9, 6 and 3 is activated 

during p75NTR mediated apoptosis (Wang et al., 2001). Another possible mechanism is that 

the lack of p75NTR prevents the Trk interaction.  The p75NTR and Trk receptor do not bind to 

each other but they can form complexes between themselves which may result in a change 

of ligand selectivity or sensitivity to certain neurotrophins (Hempstead et al., 1991). For 

instance, TrkB can bind BDNF, NT-3 and NT4/5 but in the presence of p75NTR there is an 

increased sensitivity to BDNF and a 100-fold increase in affinity (Bibel et al., 1999; 

Hempstead et al., 1991). Autonomous p75NTR signalling can be a mechanism for p75NTR 

mediated apoptosis. Mice expressing only the intracellular domain of p75NTR resulted in a 

reduction of sensory and motor neurons and a reduction of neurons in the neocortex 

(Majdan et al., 2001). 

3.2 Cellular APP Trafficking  

This thesis also investigates APP localisation in cells expressing APP dimerisation mutants. 

Therefore, to better understand how APP dimerisation can affect APP trafficking and its 

relationship to neurite outgrowth, a literature review of APP cellular trafficking is presented 

below.  

APP is synthesised in the endoplasmic reticulum and is transported to the trans golgi 

network. During this trafficking process, APP is post-translationally modified by tyrosine-

sulfation, phosphorylation, N-glycosylation and O-glycosylation (Dyrks et al., 1988; Hung and 

Selkoe, 1994; Weidemann et al., 1989a). The post-translationally modified APP is packed in 



APP Dimerisation and its Effect on the Morphology of SH-SY5Y cells       
 

 57 Chapter 3  

 

transport vesicles and is guided into these vesicles by associating with adaptor protein 4 

(Burgos et al., 2010). These transport vesicles then associate with kinesin which associate 

with microtubules to transport its cargo from the cell body to the synapse, otherwise known 

as anterograde or plus-end trafficking (Ferreira et al., 1992; Goldsbury et al., 2006; Koo et 

al., 1990). Kinesins have been shown to be responsible for rapid anterograde transport 

(Amaratunga et al., 1993). The vesicles containing APP and kinesin also require the presence 

and activity of Rab3a for proper packaging into these vesicle (Szodorai et al., 2009). Once 

docked with the synaptic membrane APP promotes neurite outgrowth (Qiu et al., 1995). In 

cultured rat hippocampal neurons APP is first transported down the axon and then 

transported to the dendrites, by a transcytotic mechanism (Simons et al., 1995). 

APP containing vesicles are transported down the axons at high speeds (10μm/sec) and are 

targeted to the synaptic terminals where it’s proteolytically processed. (Kaether et al., 2000; 

Koo et al., 1990).  Unprocessed APP undergoes endocytosis within minutes due to the 

YENPTY internalisation motif residing in the AICD. Mutating this motif reduces APP 

internalisation, increases its half-life and reduces Aβ levels (Lai et al., 1995; Perez et al., 

1999).  The compartment in which amyloidogenic processing of APP occurs is unclear. Some 

studies suggests that the endosomes, TGN and plasma membrane as the primary site for β- 

and γ-secretase cleavage and thus the formation of Aβ peptide (Choy et al., 2012; Chyung 

and Selkoe, 2003; Golde et al., 1992; Vassar et al., 1999b). Other studies suggest that the 

primary site of amyloidogenic processing occurs in the ER and TGN (Cook et al., 1997; 

Hartmann et al., 1997; Wild-Bode et al., 1997). After endocytosis, APP is either degraded in 

lysosomes or is transported to endosomes to be recycled back into the TGN.  Overall, APP 

has a reported half-life of 20-30 minutes in a cell (Haass et al., 1992; Weidemann et al., 

1989a). 

Anterograde and retrograde transport involves the endosome associating with a motor 

protein, dynein, and its interaction with microtubules which are involved in minus-end 

trafficking.  (Gill et al., 1991; Karki and Holzbaur, 1995; Lye et al., 1987; Vaughan and Vallee, 

1995; Waterman-Storer et al., 1997). Interestingly, disruption of retrograde transport leads 

to an accumulation of APP and β-cleavage products, including Aβ (Kimura et al., 2009; 

Kimura et al., 2016). Aging can also affect the dynein-dynactin interaction and cause an 

inhibition of retrograde transport which may be associated with the accumulation of APP, 

Aβ, phosphorylated tau and cognitive decline (De Lacalle et al., 1996; Kimura et al., 2007; 
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Kimura et al., 2012; Niewiadomska and Baksalerska-Pazera, 2003). A schematic 

representation of the transport of APP can be found in Figure 3.5.  

Its trafficking is regulated by several cytosolic factors that bind to APP. For example X11α 

expression inhibits APP secretory and endocytic pathways and Aβ secretion (King et al., 

2003). Fe65 and Fe65L also affect the trafficking and processing of APP. It can accelerate the 

secretion of APP to the cell surface by 4 fold and increase production of Aβ and sAPPα. Thus 

inhibiting Fe65 and APP interaction may be able to reduce Aβ and plaque formation 

(Guenette et al., 1999; Sabo et al., 1999).The phosphorylation at T668 by GSK3 can affect 

trafficking of APP to the membrane and neurites. Inhibiting the phosphorylation at this site 

increases the abundance of APP in the neurites and plasma membrane (Muresan and 

Muresan, 2007; Santos et al., 2011). In addition phosphorylation at this site leads to a 

reduction in Aβ production and an increased affinity for Fe65 (Ando et al., 2001; Lee et al., 

2003a). APP and adaptor protein 4 also mediates trafficking from the TGN into endosomes. 

This study shows that the disruption of the APP and adaptor protein 4 interaction decreases 

APP association with endosomes which leads to a more amyloidogenic processing of APP 

(Burgos et al., 2010).  
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Figure 3.3 Schematic representation of APP antero- and retrograde transport of APP and 

APP’s degradation in neurons. 

1; Packaging of APP into vesicles for transport. 2; APP vesicle associates with kinesin and 

undergoes anterograde transport towards synaptic terminals via microtubules. 3; 

Endocytosis of unprocessed APP and endosome association with dynein for reterograde 

transport  4.  APP is then transported into the TGN for recycling or is 5. fused with 

lysosomes for degradation.  

 

 

3.3 Research Question 

The role of APP in neurite outgrowth has been established. However, the role of APP 

dimerisation in neurite outgrowth is unknown. This project aimed to investigate if APP 

dimerisation modulates neurite outgrowth and the molecular mechanism(s) it utilised. This 

was achieved by using the APP dimerisation mutants L17C and G33I.  
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3.4 RESULTS 

3.4.1 The APP-L17C Dimerisation Shows a Marked Reduction in 

Neurite Outgrowth 

The human APP695 gene was cloned into the pCEP4 vector (Figure 3.4A).  pCEP4 is a 

lentiviral plasmid that contains the CMV promoter, Hygromycin-B and Ampicillin selection 

gene and was utilised to generate 4 different constructs including the vector alone and 

vector constructs containing the genes for full length wild type APP695 (APPwt) and two 

APP mutant constructs containing single amino acid substitutions at amino acid positions 17 

and 33 (APP-L17C and APP-G33I respectively, Figure 3.4B) (Munter et al., 2007b). The 

human neuroblastoma cell line SH-SY5Y was transfected with these four constructs using 

transfection reagent lipofectamine 2000 and stably expressing cell lines were selected using 

Hygromycin-B antibiotic. Stably transfected cells were derived after 14 days under selective 

pressure. The cells were maintained under Hygromycin-B selection at all times.  

Cell lysates from undifferentiated 14 day post antibiotic selection were tested for the 

expression of APP by western blotting and probing with an anti-APP antibody, 22C11 and 

protein loading control antibody for GAPDH. The experiments were performed under 

reducing and non-reduced conditions because the presence of APP dimers needed to be 

confirmed in the APP-L17C mutant cell lines.  As predicted, the cell line expressing the APP-

L17C mutant construct contained SDS stable APP dimers and monomers as immunoreactive 

bands were detected at approximately 190 kda and 100 kda respectively on the western 

blot (Figure 3.5A). In contrast, only the APP monomer band was present in the cell lines 

expressing APPwt and APP-G33I while no endogenous APP was detected in the vector only 

expressing cell line (Figure 3.5A). Protein densitometry measured under non-reducing 

conditions and was standardised using GAPDH (Figure 3.5B). These results demonstrate that 

the transfected SY5Y are expressing the APP dimerisation mutants. 

Whether the overexpression of the APPwt or APP-L17C dimerisation mutant protein altered 

the morphological appearance of the SH-SY5Y cells was monitored histologically and 

biochemically. Cells were seeded onto 6 well plates and then differentiated for 2 weeks 

using retinoic acid. Compared to the vector control, the morphology of cell lines expressing 

the APPwt and APP-G33I mutant proteins was unchanged. In comparison, the cell line 

expressing the APP-L17C mutant displayed a dramatically different morphology in 

comparison to all the other cell lines. The cell morphology of APP-L17C mutant cell line 
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showed that the number of neurites per cell body was decreased (Figure 3.6). To confirm 

these observations, the number of neurites per cell body was counted for the different cell 

lines with the results showing that the vector only and APPwt cells produced an average of 

1.57 and 1.75 neurites/cell body, respectively, the number of neurites/cell body decreased 

significantly by 5-fold to 0.38 neurites/cell. No difference in the number of neurites/cell 

found in the vector control, APPwt and APP-G33I (Figure 3.7). The selection of cells for 

neurite quantitation in this thesis was based on inclusion and exclusion selection criteria 

outlined in Chapter 2.3. 

Increased neurite outgrowth was quantitated biochemically by looking at the expression of 

β3 tubulin, which is the main cytoskeletal component of neurites (Savage et al., 1989). This 

revealed a 50% decrease in the expression of β3 tubulin (Figure 3.8) in the APP-L17C line 

compared to vector only control. The secretion of APP was also quantitated after 

differentiation. Condition media was collected and proteins precipitated using 

trichloroacetic acid. Protein pellet was re-solubilised and was analysed by western blot and 

the results demonstrate a significant decrease in the secretion of APP in the APP-L17C 

mutant (Figure 3.9) 
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Figure 3.4 Vector Map and APP sequence identifying the location of the L17C and G33I  

(A) Vector map of pCEP4 lentiviral vector containing Hygromycin and Ampicillin resistance 

genes for selection.  (B) Schematic structure of APP with the sequence of Aβ. The APP 

dimerisation GxxxG motif (green) of APP, L17C (red) and G33I (red) mutation highlighted in 

the sequence. 
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APP Monomeric and Dimeric Expression in SH-SY5Y APP Mutants 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 SH-SY5Y cells transfected with APPwt and APP dimerisation mutants and stably 

selected using Hygromycin-B 

APP monomers seen in cells transfected with APPwt, APP-G33I and APP-L17C. Additional 

dimer band can be seen on the APP-L17C (A) Representative Western blot of lysates were 

collected and immunoblotted for APP using 22C11, with GAPDH as a loading control under 

reducing and non-reducing condition (B) Densitometry analysis values represent mean ± 

SEM values of 2 independent transfections 
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Figure 3.6 Phase contrast images of SH-SY5Y cells stably transfected with APPwt, APP-L17C 

and APP-G33I mutants  

Images were taken of cells prior to differentiation (undifferentiated), and following 2 weeks 

of retinoic acid treatment (differentiated) using a 20X objective and arrows pointing to 

neurites. Scale bar = 100 μm. 
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Quantitation of Neurites/Cell body in APP mutants 

 

 

 

 

 

 

 

 

 

Figure 3.7 Quantitation of neurites/cell body in APP dimerisation mutants 

Quantitation of the number of neurites/ cell body in differentiated cells showed a significant 

decrease in the number of neurites/cell body in APP-L17C. SH-SY5Y cells stably transfected 

with APPwt, APP-L17C or APP-G33I mutants following 2 weeks of retinoic treatment were 

analysed. Values represent mean ± SEM of 80 cells and 4 independent experiments. *, 

p<0.05.  
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β3-tubulin expression in APP-L17C relative to Vector Control 

 

 

 

 

 

 

 

 

 

Figure 3.8 Changes in β3-tubulin levels in APP-L17C mutant  

A significant decrease in β3-tubulin expression in APP-L17C after differentiation (A) 

Representative immunoblot of SH-SY5Y APP mutants probed for β3-tubulin with GAPDH as a 

loading control. (B) Densitometry analysis values represent mean ± SEM values of 4 

independent experiments. *, p<0.05. 
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Quantitation of secreted APP after Retinoic Acid differentiation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.9 Expression of secreted APP in differentiated SY5Y cells expressing APP 

dimerisation mutants. 

A significant decrease in secreted APP in APP-L17C condition media was found (A) 

Representative immunoblot of condition media from differentiated SH-SY5Y APP mutants 

probed for APP with 22C11 antibody. (B) Densitometry of APP expression. Analysis values 

represent mean ± SEM values of 3 independent experiments. *, p<0.05. 

 

 

 

 
 

A. 

B. 



APP Dimerisation and its Effect on the Morphology of SH-SY5Y cells       
 

 68 Chapter 3  

 

3.4.2 SH-SY5Y vector and SH-SY5Y APPwt WT condition media rescue 

the APP-L17C phenotype 

Since APP-L17C expressing cells were defective in their ability to produce neurites and had a 

decrease in the secretion of APP following retinoic acid differentiation, we investigated 

whether the APP-L17C mutant cells were lacking a secretory factor that promoted neurite 

outgrowth or if these mutant cells were secreting a factor that inhibited neurite outgrowth. 

Therefore, to address these possibilities we performed condition media transfer 

experiments.  

After two weeks of differentiation the condition media from the SH-SY5Y cells expressing 

the APP-L17C mutant was replaced with condition media harvested from either the vector 

control or APPwt cell lines grown under identical conditions (i.e.: cell density and duration). 

After a further three days of culture, the cell morphology was examined. We observed that 

the APP-L17C cells had more neurites per cell body and appeared similar in appearance to 

the APPwt cells (Figure 3.10A). Quantitating the number of neurites /cell body, showed the 

APP-L17C treated line had neurites /cell body that were comparable to APPwt levels (Figure 

3.10B).  Quantitation of the neurite marker, β3 tubulin levels confirmed that there was a 

significant 50% increase after vector control or APPwt condition media treatment (Figure 

3.11). This indicated the condition media from vector control or APPwt was able to rescue 

the defective neurite outgrowth phenotype in APP-L17C. 

Another possible mechanism is that the dimerisation of APP results in the release of a 

neurite inhibitory factor. To test this possibility the condition media of the vector control 

and APPwt cells was replaced with condition media from the APP-L17C (differentiated for 

two weeks). No changes in the number of neurites/cell body or expression of β3 tubulin 

were found (Figure 3.12 and 3.13).  This indicated the APP- L17C condition did not secrete 

an inhibitory factor.   
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Vector Control and APPwt Condition Media Treatment of APP-L17C 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 SH-SY5Y APP-L17C mutant cells treated with condition media from APPwt and 
vector control cells 

An increase in neurites/cell body (arrows pointing to neurites) was seen in APP-L17C after 

treatment with vector control and APPwt condition media (A) Phase contrast images of 

differentiated SH-SY5Y APP-L17C mutant cell lines following 3 days of condition media 

treatment. Scale bar= 100μm (B) Quantitation of the number of neurites per cell body 

following treatment. Values represents mean ± SEM of 80 cells and 4 independent 

experiments  *, p<0.05. 
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β3-tubulin Densitometry After Condition Media Treatment 

 

Figure 3.11 Quantitation of β3-tubulin in APP-L17C after vector control and APPwt 

condition media treatment  

No significant changes in β3-tubulin levels in APP-L17C mutant SHSY5Y cell line following 3 

days of media change replacement using condition media harvested from SH-SY5Y vector 

control or APPwt. (A) Representative immunoblot probed for β3-tubulin and GAPDH (loading 

control) and (B) densitometry analysis of the band intensities normalised to GAPDH levels. 

Data represents Mean ± SEM values of 4 independent experiments. 
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Neurite Quantitation after APP-L17C Condition Media Treatment 
 
 

 

 

 

 

 

 

Figure 3.12 Quantitation of neurites/cell body in APPwt after APP-L17C condition media 

treatment 

No change in neurite numbers per cell in SHSY5Y APPwt cell line following 3 days of media 

replacement using condition media harvested from SH-SY5Y APP-L17C. (A) Phase Contrast 

images of SH-SY5Y cells grown in media from APPwt or APP-L17C SH-SY5Y transfected cells. 

Scale bar= 100μm (B) Number of neurites per cell was quantitated. Values represent mean ± 

SEM of 80 cells and 4 independent experiments.   
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Densitometry of β3-Tubulin after APP-L17C Condition Media Treatment 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 Changes in β3-tubulin levels in Vector control and APPwt cell lines with media 

change replacement using condition media harvested from APP-L17C. 

No changes in β3-tubulin expression in vector control and APPwt after APP-L17C condition 

media treatment (A) Representative immunoblot probed for β3 tubulin and GAPDH (loading 

control) and (B) densitometry analysis of the band intensities normalised to GAPDH levels. 

Data represents Mean ± SEM values of 4 independent experiments 
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3.4.3 Test the role of the APP extracellular and intracellular domains 

in the APP-L17C phenotype using the truncated APP constructs, 

SPA4CT, containing the L17C mutation.  

To determine if the extracellular domain of APP or if the AICD is responsible for the 

defective neurite outgrowth in L17C cells, SH-SY5Y cells were transfected with a truncated 

APP construct that does not contain the ectodomain – the SPA4CT gene. The SPA4CT gene 

corresponds to the membrane associated fragment of APP generated following β-secretase 

cleavage. It contains the APP signal peptide to allow correct transport through the secretory 

pathway (Figure 3.14) and is cleaved into Aβ and AICD by gamma secretase (Dyrks et al., 

1993; Lichtenthaler et al., 1997). The SH-SY5Y cells were transfected with either pCEP4-

SPA4CTwt or pCEP4-SPA4CT-L17C and stable clones obtained following selection on 

Hygromycin-B.  The stable lines were assessed for expression of the SPA4CT proteins by 

western blot analysis of the lysates using the anti-APP antibody WO2. The epitope of WO2 is 

residues 2-8 in the Aβ sequence (Miles J. Mol. Biol. (2008) 377, 181–192). Western blot 

analysis of SPA4CTwt detected a band at 14 kDa. A similar band was detected for SPA4CT-

L17C as well as additional higher bands at 28 kDa. These higher bands in SPA4CT-L17C 

represent the SPA4CT-L17C dimer which is observed to be broken down under reducing 

condition (Figure 3.15A).  

The SPA4CT cell lines were differentiated with retinoic acid (10µM), similarly to the 

experiments performed above on full length APP.  The cells however were not differentiated 

for the 2 week period as used for full length APP since the SPA4CT construct caused toxicity 

resulting in the cells dying before the two weeks. Quantitation after 1 week resulted in 0.8 

neurites/cell body for both SPA4CTwt and the SPA4CT-L17C (Figure 3.16).    

To determine if the condition media from SPA4CT lines was able to rescue the APP-L17C 

phenotype, condition media from 1 week differentiated SPA4CTwt and SPA4CT-L17C was 

added to APP-L17C cells. After 3 days of treatment the number of neurites/cell body was 

quantitated. This treatment did not alter neurite outgrowth of APP-17C (Figure 3.17).  
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Figure 3.14 Schematic representation of SPA4CT constructs.  

Truncated form of APPwt, in which it is cleaved at the β-secretase site, with the remaining 

C-terminal containing the transmembrane and AICD unaffected. SP-signal peptide, TM- 

transmembrane AICD- APP intracellular domain, Aβ-amyloid beta.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

       

       

TM
 

   

   

A
IC

D
 

SP
 

A
β

 



APP Dimerisation and its Effect on the Morphology of SH-SY5Y cells       
 

 75 Chapter 3  

 

Monomeric SPA4CT 

Non-reducing Reducing 

SPA4CTwt SPA4CT- L17C 

  
28 kDa 

17 kDa 

SPA4CTwt SPA4CT- L17C 

  

Dimeric SPA4CT 

38 kDa GAPDH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Expression of APP SPA4CT monomer and dimer in SH-SY5Y cells 
 

 

 

 

 

 

 

 

 

 

Figure 3.15 SH-SY5Y cell transfected with SPA4CTwt and SPA4CT-L17C dimerisation 

mutants. 

SPA4CT detected at 17 kDa and its dimer at approximately 30 kDa (A)Representative 

immunoblot of transfected cell lysates that were collected and immunoblotted for APP using 

WO2, with GAPDH as a loading control under reducing and non-reducing conditions. (B) 

Densitometry analysis values represent mean ± SEM values of 2 independent transfections 
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Neurite Quantitation of SPA4Ct mutants in SH-SY5Y Cells 

 

 

 

 

 

 

 

 

 

Figure 3.16 Quantitation of neurites/cell body in SPA4CT mutants after 1 week of 

differentiation. 

(A) Phase contrast images of SH-SY5Y SPA4CT mutants with arrows pointing to neurites. 

Scale bar = 100μm (B) Quantitation of the number of neurites per cell body after 1 week of 

differentiation. Values represent mean ± SEM of 80 cells and 4 independent experiments. 
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Quantitation of Neurites after Treatment with SPA4Ct Condition Media 

 

 

 

 

 

 

 

 

 

Figure 3.17 Quantitation of neurites/cell body in APP-L17C after being treated with SPA4CT 

condition media. 

No changes in the number of neurites/cell body in APP-L17C (A) Phase contrast images of 

SH-SY5Y APP-L17C taken after 2 weeks of differentiation and 3 days of SH-SY5Y SPA4CT 

condition media treatment. Scale bar = 100μm. (B) The number of neurites/cell body 

quantitated with values representing mean ± SEM of 80 cells and 3 independent 

experiments  
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3.4.4 Localisation of APP in SH-SY5Y APP-L17C dimerisation mutant 

This chapter also studies whether APP dimerisation can affect its localisation. This was 

achieved through immunofluorescent imaging of the SH-SY5Y vector control, APPwt and 

APP-L17C cell lines generated in previously. Subcellular co-localisation was also investigated 

by immunofluorescence. 

The SH-SY5Y vector control, SH-SY5Y-APPwt and SH-SY5Y-APP-L17C cell lines were plated on 

coverslips and then differentiated for two weeks using retinoic acid (10μM). The cells were 

stained with antibodies to APP (antibody 22C11) and β3-tubulin. The nucleus was stained 

with the nuclear stain DAPI. The vector control and APPwt cells displayed a similar 

morphology to those seen in Chapter 3.2.1. Vector control and APPwt also express β3-

tubulin in the soma and neurites which is a marker for differentiation, thus indicating the 

vector control and APPwt cell lines are differentiated (Figure 3.18 and 3.19).  

The APP-L17C expressing cells displayed a punctate perinuclear accumulation of APP.  The 

cells that displayed this pattern of APP staining also lacked the expression of β3-tubulin in 

the soma and neurites (Figure 3.20). To determine which subcellular compartment the APP 

as accumulating in the L17C, the Golgi and endoplasmic reticulum was stained with 

GRASP65 and Calnexin, respectively. This was co-stained with 22C11 and the results show a 

colocalisation with the ER and not the Golgi (Figure 3.21, 3.22, 3.23, 3.24, 3.25 and 3.26). 

When these cells were treated with the condition media of APPwt expressing cells, there 

was a restoration of neurite outgrowth, however the perinuclear staining of APP was still 

present (Figure 3.27). Secondary antibody only control experiment was conducted to 

demonstrate there was no non-specific binding of the secondary antibody alone with no 

detectable fluorescence of the cells.  
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Figure 3.18 Immunostaining of SH-SY5Y vector control after 2 weeks of differentiation 

Cells probed with 22C11 (APP) and β3-tubulin after 2 weeks of Retinoic acid differentiation. 

SH-SY5Y vector control shows diffuse staining of APP and β3-tubulin expression in the 

neurites. Merged image includes APP, β3-tubulin and DAPI staining. Images representative 

of 3 different experiments. Scale  bar = 20μm 
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Figure 3.19 Immunostaining of SH-SY5Y APPwt after 2 weeks of differentiation 

Cells probed with 22C11 (APP) and β3-tubulin after 2 weeks of Retinoic acid differentiation. 

SH-SY5Y APPwt shows diffuse staining of APP and β3-tubulin expression in the neurites. 

Merged image includes APP, β3-tubulin and DAPI staining. Images representative of 3 

different experiments. Scale  bar = 20μm 
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Figure 3.20 Immunostaining of SH-SY5Y APP-L17C after 2 weeks of differentiation 

Images show condensed perinuclear staining of APP which lacks β3-tubulin expression. 

Immunostaining of SH-SY5Y APP-L17C probed with 22C11 (APP) and β3-tubulin. Merged 

image includes APP, β3-tubulin and DAPI staining. Images representative of 3 different 

experiments. Scale bar = 20μm 
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Figure3.21 Immunostaining of SH-SY5Y APP-L17C with Golgi marker  

Images show that APP does not localise with the Golgi. Cells fixed after 2 weeks of 

differentiation with retinoic acid and stained for APP (22C11), Golgi marker (GRASP64 

cat#ab30315) and DAPI. Images representative of 3 different experiments. Scale bar = 20μm 
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Figure3.22 Immunostaining of SH-SY5Y vector control with Golgi marker  

Images show the normal localisation of the Golgi and APP in SH-SY5Y vector control cells. 

Cells fixed after 2 weeks of differentiation with retinoic acid and stained for APP (22C11), 

Golgi marker (GRASP64 cat#ab30315) and DAPI. Images representative of 3 different 

experiments. Scale bar = 20μm 
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Figure3.23 Immunostaining of SH-SY5Y APPwt with Golgi marker  

Images show the normal localisation of the Golgi and APP in SH-SY5Y APPwt cells. Cells fixed 

after 2 weeks of differentiation with retinoic acid and stained for APP (22C11), Golgi marker 

(GRASP64 cat#ab30315) and DAPI. Images representative of 3 different experiments. Scale 

bar = 20μm 
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Figure3.24 Immunostaining of SH-SY5Y APP-L17C with ER marker 

Images show that APP does localise within the ER. Cells fixed after 2 weeks of differentiation 

with Retinoic acid and stained for APP (22C11), Calnexin (ER marker) and DAPI. Images 

representative of 3 different experiments. Scale bar = 20μm 
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Figure 3.25 Immunostaining of SH-SY5Y vector control with ER marker  

Images show the normal localisation of the ER and APP in SH-SY5Y vector control cells. Cells 

fixed after 2 weeks of differentiation with Retinoic acid and stained for APP (22C11), 

Calnexin (ER marker) and DAPI. Images representative of 3 different experiments. Scale bar = 

20μm 
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Figure 3.26 Immunostaining of SH-SY5Y APPwt with ER marker  

Images show the normal localisation of the ER and APP in SH-SY5Y APPwt cells. Cells fixed 

after 2 weeks of differentiation with Retinoic acid and stained for APP (22C11), Calnexin (ER 

marker) and DAPI. Images representative of 3 different experiments. Scale bar = 20μm 
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Figure 3.27 Immunostaining of differentiated SH-SY5Y APP-L17C 3 days after APPwt 

condition media treatment.  

Condensed APP staining is still prevalent after treatment. Cells fixed after the treatment and 

probed for APP (22C11), β3-tubulin and DAPI. Images representative of 3 different 

experiments. Scale bar = 20μm 
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3.5 Discussion 

3.5.1APP Dimerisation and its Effect on Neurite Outgrowth 

This chapter looked at the effect of APP dimerisation, via the APP-L17C mutation, has on 

neurite outgrowth in SH-SY5Y cells. Increasing dimerisation of APP via an L17C mutation had 

a dramatic effect on APP-mediated neurite outgrowth and significantly decreased the 

number of neurites/cell body as well as decreasing the expression of β3 tubulin expression 

in cultured cells (Figure 3.6, 3.7 and 3.8). To investigate the mechanism we tested whether 

enhanced dimerisation in APP-L17C is causing inhibition of a secreted product that aids in 

neurite outgrowth or if the dimerisation was causing the secretion of a neurite inhibitory 

factor. The condition media transfer experiments suggested the APP-L17C mutant was 

preventing a neurite outgrowth factor from being secreted as the APP-L17C phenotype was 

rescued upon treatment with condition media from either the vector control or APPwt lines 

for 3 days (Figure 3.10 and 3.11). Conversely, treating vector control and APPwt cells with 

condition media from APP-L17C caused no change in neurite outgrowth (Figure 3.12 and 

3.13). Therefore APP-L17C dimerisation prevented the cells from secreting a neurite 

outgrowth factor, rather than secreted an inhibitory factor.  

The next part of the study tries to identify the neurite outgrowth factor being secreted. The 

data from Figure 3.9 indicates that APP-L17C is secreting less APP than the vector control 

cells, therefore APP can be the factor missing in the APP-L17C condition media preventing 

neurite outgrowth. APP-L17C has is known to secrete significantly less sAPPα compared to 

APPwt (Munter et al., 2007b). sAPPα is known to be neurotrophic therefore it may explain 

the APP-L17C phenotype (Corrigan et al., 2012; Hick et al., 2015; Thornton et al., 2006). The 

results from Figure 3.10 indicate the rescue from vector control condition is to the same 

extent as the APPwt condition media. Although vector control is not over expressing APP, 

several studies has shown that Retinoic acid differentiation of SH-SY5Y cells leads to the up 

regulation of APP, secreted APP and APLP family members, which may account for the 

condition media neuritogenic rescuing ability and may be sufficient to rescue the L17C 

phenotype (Adlerz et al., 2003; Beckman and Iverfeldt, 1997; Cheung et al., 2009). 

Additional experiments are needed to examine whether treatment with sAPP products can 

rescue the APP-L17C phenotype and restore neurite outgrowth to wild type levels. If sAPP 

was found to rescue  the APP-L17C phenotype, further investigations into whether sAPP 
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treatment impacts on intracellular signalling pathways investigated in chapter 4 and chapter 

5, which will give further insight into mechanisms APP mediates to promote neurite 

outgrowth under APP dimerisation conditions. 

The neurite outgrowth factor could be secreted APP itself or another secreted factor. 

Numerous studies have shown that secreted APP can initiate neurite outgrowth (Allinquant 

et al., 1995; GakharKoppole et al., 2008; Thornton et al., 2006). To further investigate if the 

secretory factor was the ectodomain of APP or if the AICD was causing the down regulation 

of a secretory factor, SH-SY5Y cells were transfected with a truncated version of APP that 

did not have the APP ectodomain, known as SPA4CT. The SPA4CTwt and SPA4CT-L17C 

expressing cells mostly died after 1 week of retinoic acid differentiation. Since the vector 

control is able to differentiate for 2 weeks, it indicates that the SPA4CT construct is causing 

cell death. Studies have found that the ratio of Aβ40/42 in CO7  transfected cells is no 

different in full length or truncated (SPA4CT) which indicates that γ-secretase is not 

dependant on the ectodomain (Lichtenthaler et al., 1997). Other studies have also identified 

that the SPA4CTwt or with the GxxxG mutants in undifferentiated SY5Y cells did not differ in 

its production or ratio of Aβ40 and 42 compared to APPwt (Munter et al., 2007b). In mice 

expressing SPA4CT, there were no differences in behaviour or hippocampal neuronal 

number and synapses and no signs of reactive astrogliosis, which suggests that β-CTF is not 

neurotoxic (Rutten et al., 2003). Our results indicate that the SPA4CT is toxic which may be 

related the absence of the ectodomain. 

Cell death after 1 week of differentiation restricted the length of time the SPA4CT lines 

could be differentiated with retinoic acid. Quantitation of neurites/cell body at 1 week 

differentiation showed that the cells were beginning to differentiate (Figure 3.16). However, 

since the quantitation of neurites/cell body of full length APP at 1 week was not conducted 

it cannot be concluded if the SPA4CT mutant is defective in forming neurites. However, 

based on the morphology   and the neurite count (Figure 3.16) it can be extrapolated that 

the SPA4CTwt and SPA4CT-L17C does not negatively affect neurite outgrowth since neurites 

were starting to form and the counts did not resemble the APP-L17C mutants at 2 weeks. 

APP-L17C form minimal neurites even at 2 weeks. While this suggests that APP-L17C 

requires the ectodomain to mediate the neurite outgrowth dysfunction phenotype, it’s 

difficult to make a definitive conclusion since the cells could not be differentiated to two 

week.  



APP Dimerisation and its Effect on the Morphology of SH-SY5Y cells       
 

 91 Chapter 3  

 

It would have been interesting to check the cell viability since the SPA4CT maybe secreting 

an apoptotic factor, leading to cell death after 1 week of differentiation. 6 days post 

differentiation there are cells undergoing apoptosis and by 8 days the majority of cells have 

died. Further experimentation is required to elucidate the mechanism by which SPA4CTwt 

and SPA4CT-L17C causes cell death after two weeks of differentiation. As mentioned earlier, 

previous studies have demonstrated that the production of neurotoxic Aβ is produced to 

the same extent as full length APP (Lichtenthaler et al., 1997; Munter et al., 2007a). 

Therefore Aβ may not be the cause of cells death at 1 week of differentiation, however 

investigations into if AICD is deregulated due to the absence of the APP ectodomain or if 

apoptotic pathways involved with AICD is activated is needed to elucidate the apoptotic 

mechanism.  An example of AICD mediated cell death is through its regulation of CASP3 and 

6, GSK3β and p53 which are all signals leading to neurotoxicity and cell death (Alves da 

Costa et al., 2006; Kim et al., 2003a; Muller et al., 2007; Watcharasit et al., 2002). The 

mechanisms why AICD takes an apoptotic pathway as opposed to other pathways, such as 

those involved in cell survival, proliferation or Neprilysin (NEP) regulation is unknown. Since 

this study was inconclusive in determining the ectodomain’s involvement in the APP-L17C 

phenotype, further investigations testing whether the SPA4CT mutants can mediate neurite 

outgrowth should be explored. Alternate expression methods such as lentiviral 

transductions may overcome the issues related to toxicity.  

Testing the condition media from the SPA4CTwt and SPA4CT-L17C to determine if these cell 

lines were secreting a neurite outgrowth factor that could rescue the APP-L17C phenotype 

showed no changes (Figure 3.17). This indicates that the ectodomain is an essential 

component in modulating neurite outgrowth; however in this experiment the condition 

media collected was from 1 week differentiated SPA4CT mutants. The previous condition 

media rescue experiments used 2 week differentiated condition media; therefore the issue 

of cell death at 1 week differentiation poses another inhibiting factor on the validity of these 

experiments.  

The APP intracellular domain regulates several genes for transcription. Of particular interest 

is NEP,  which is plasma membrane glycoprotein that degrades Aβ and has shown to decline 

in aging and in AD (Carpentier et al., 2002; Howell et al., 1995; Iwata et al., 2002; Iwata et 

al., 2000; Shirotani et al., 2001). The AICD trans-activates the transcription of NEP and PS1 

or PS2. Furthermore, through chromatin immunoprecipitation of rat primary neurons, the 
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AICD has been shown to bind to the NEP promoter (Belyaev et al., 2009; Pardossi-Piquard et 

al., 2005). Interestingly, the up regulation of NEP in AD mice resulted in a decrease in plaque 

formation, prevents premature death and an improvement in cognitive function (El-Amouri 

et al., 2008; Leissring et al., 2003; Marr et al., 2003; Poirier et al., 2006; Spencer et al., 2008). 

For these reason the modulation of NEP is a good candidate as a therapeutic target for AD 

(El-Amouri et al., 2008; Spencer et al., 2008). Hypoxia has been shown to regulate the 

expression of NEP indirectly through AICD. Hypoxia increases the expression of Caspases 3, 

8 and 9, in which are known to degrade AICD. This resulted in less AICD bound to the NEP 

promoter and subsequently less NEP expression (Leissring et al., 2002a). There are several 

factors that regulate the expression of NEP and it can reviewed here (Marr et al., 2003). 

Increased AICD resulting from βCTF is able to up regulate NEP expression and a down 

regulation of AICD reduced NEP (Grimm et al., 2015). The APP-L17C has been shown to 

significantly increase the levels of βCTF however it uncertain whether APP-L17C affect AICD 

levels. This study also demonstrated that the induction of APP dimerisation by treating with 

a 50 and 100nm AP20187 increased AICD (Eggert et al., 2009). Based on findings that APP-

L17C produces more Aβ, it can be hypothesised that NEP expression is inhibited. Other 

studies have shown that APP-L17C mutants have a significant decrease expression of AICD, 

C99 monomers and an increase in C99 dimers. The APP-L17C was found to protect the C99 

fragment from γ-secretase cleavage (Jung et al., 2014; Winkler et al., 2015). Further 

investigations into APP-L17C and its expression of AICD and NEP need to be conducted.  For 

example, if APP-L17C reduced the expression of AICD and NEP, then this would explain the 

higher Aβ levels detected in APP-L17C expressing Hek293 cells (Munter et al., 2007a) and 

contribute to the neurite outgrowth inhibition observed in the SH-SY5Y cells.  

3.5.2 APP Dimerisation and its effect on Subcellular APP Localisation 

To determine if APP dimerisation had an effect on APP localisation we utilised 

immunofluorescent imaging. SH-SY5Y vector control, APPwt and APP-L17C cells were 

stained for APP, β3 tubulin, and DAPI. The immunofluorescence was able to demonstrate 

the SH-SY5Y vector only and APPwt differentiated due to the presence of β3-tubulin and 

neurites (Figure 3.18 and 3.19). Previous studies have shown the treatment of SH-SY5Y with 

10μm retinoic acid for 10 days produces a neuronal-like phenotype with an increased 

expression of the differentiation markers synaptophysin and β3-tubulin and a decrease in 

undifferentiated markers such as nestin (Cheung et al., 2009; Lopes et al., 2010; Pahlman et 
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al., 1984). In contrast, the APP-L17C cells had reduced and altered β3-tubulin expression 

(Figure 3.20). The cells that did not have neurites displayed the perinuclear APP staining 

colocalising in the ER (Figure 3.24). This indicates that the perinuclear APP may be 

preventing differentiation. Alternatively, the APP-L17C mutant is preventing intracellular 

signalling for neurite outgrowth and the perinuclear APP expression is a product of this 

defect.  

In other studies on copper induced APP dimerisation it was shown that APP exhibited 

perinuclear staining by inducing dimerisation with 200μM copper chloride as measured 

using the Duolink II proximity ligation assay system (Noda et al., 2013).  Using Chinese 

hamster ovary cells, APP dimerisation is initiated in the ER. The study used di-lysine 

retention motifs to restrict APP to the endoplasmic reticulum and Golgi, KKAA and KKFF 

respectively, and this resulted in APP homo and hetero dimerisation in the endoplasmic 

reticulum with little observed at the plasma membrane (Isbert et al., 2012). In another study 

APP695 and APP751 dimers are localised in both the Golgi and endoplasmic reticulum and 

clearly in the perinuclear compartment (Ben Khalifa et al., 2012), similarly to those observed 

in Figure 3.20. Interestingly, the study also found that the KPI region is an important factor 

for dimerisation of the APP751 isotype (Ben Khalifa et al., 2012). Studies have shown that 

the amyloidogenic pathway is found mainly in the ER, it’s possible that the APP from APP-

L17C is getting held in the ER and thus enhancing Aβ production (Cook et al., 1997). This is 

congruent with other studies finding Aβ to be elevated in APP-L17C mutants (Munter et al., 

2007a). In support of the idea that impaired trafficking is causing an accumulation in the ER, 

a study has shown that the distribution of APP in brain slices and primary cortical neurons 

was in the Golgi and axons. However, once treated with brefeldin A there is a switch from a 

Golgi distribution to an ER distribution pattern with an inhibition of the APP secretory 

pathway (Caporaso et al., 1994). APP docked into the synaptic membrane, APP promotes 

neurite outgrowth (Qiu et al., 1995). Preventing axonal anterograde transport of APP has 

been shown to be detrimental to neuronal function. A disruption of APP axonal transport in 

mouse hippocampal neurons by UV irradiation resulted in synaptic and neuronal dysfunction 

linked to AD (Almenar-Queralt et al., 2014). The impaired trafficking seen in the APP-L17C 

mutant can be a contributing factor in neurite outgrowth. Future studies need to determine 

the abundance of APP at the plasma membrane in order to further elucidate the APP-L17C 

phenotype. This can be done by initially using sucrose density gradients to separate cell 



APP Dimerisation and its Effect on the Morphology of SH-SY5Y cells       
 

 94 Chapter 3  

 

bodies from neurites then subjected to Western blot analysis to determine whether the 

expression levels of APP protein in the isolated compartments are altered and thereby 

displaying a trafficking defect in these cells. 

The localisation of APP affects processing as APP located  in the plasma membrane is 

processed through  the non amyloidogenic pathway, whereas APP in the ER, TGN, Golgi and 

endosomes are processed through an amyloidogenic pathway (Chyung et al., 1997; Cook et 

al., 1997; Golde et al., 1992; Greenfield et al., 1999; Haass et al., 1995; Petanceska et al., 

2000; Sisodia, 1992; Skovronsky et al., 2000). The punctate perinuclear staining may indicate 

that the APP-L17C mutant may be preventing the trafficking of APP to the cell surface. APP 

at the plasma membrane is mainly cleaved by α-secretase to produce sAPPα. Full length APP 

and sAPPα is known to be neuroprotective and induces neurite outgrowth (Corrigan et al., 

2012; da Rocha et al., 2015; Gralle et al., 2009; Thornton et al., 2006). Therefore, if the 

production of sAPPα was inhibited it could impair neurite outgrowth. If the APP-L17C 

mutation is preventing APP reaching the cell surface it may explain the impaired neurite 

outgrowth. It is known that the production of sAPPα is reduced in APP-L17C mutants thus it 

may be a contributing factor in the APP-L17C phenotype (Munter et al., 2007b). APP is 

transported anterograde to the synaptic terminals however the mechanisms by which this 

occurs has not been characterised (Haass et al., 2012). Since non-amyloidogenic processing 

occurs at the plasma membrane it can be hypothesised that the APP at the synaptic 

terminals is processed in a non-amyloidogenic manner. However, there are some studies 

that suggest amyloidogenic processing can occur in these sites. Further studies suggest the 

majority of Aβ comes from endosomes; therefore there are conflicting findings as to which 

compartment amyloidogenic processing occurs (Kaether et al., 2006; Kamenetz et al., 2003).  

Regardless, since APP is accumulating in the ER, it can be hypothesised that amyloidogenic 

processing at these sites leads to an accumulation of Aβ which would lead to neurite 

dystrophy, thus the APP-L17C phenotype (Labour et al., 2016; Nieweg et al., 2015). Further 

experimentation could look at low level Aβ treatment in APPwt cell to determine if the 

dystrophy resembles those in the APP-L17C cells. Also, if Aβ was found to be involved, 

further investigations into the effects it has on down steam intracellular signalling should be 

investigated to determine if Aβ affects the same pathways as the APP-L17C mutant. 

APP-L17C dimerisation may have an effect on its binding to adaptor proteins such as Fe65. 

APP’s association with Fe65 can increase its rate of trafficking and amyloidogenic processing 
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(Sabo et al., 1999). This process is dependent on the recruitment of kinesin-1. When kinesin-

1 transport is blocked, the APP:Fe65 complex accumulates in the ER and causes the 

activation of JNK. This results in Thr668 phosphorylation, amyloidogenic processing and an 

accumulation of Aβ in the ER (Muresan and Muresan, 2012). Our results show the 

accumulation of APP in the ER and this may be due to the effect APP-L17C has on the APP’s 

association with Fe65. Further studies need to determine if Fe65 co-localises with APP in the 

ER to elucidate whether the APP-L17C mutant affects its association to Fe65. In addition 

APP-L17C may increase the production of AICD. The AICD is able to up regulate GSK-3β 

which has been shown increase tau phosphorylation which results in microtubule 

destabilisation (Kim et al., 2003a). This may contribute to the APP-L17C phenotype thus 

further experiments can look at the expression of GSK-3β and hyperphosphorylated tau 

levels.  

The treatment of the APP-L17C with APPwt condition media resulted in the restoration of 

neurite outgrowth; however this did not remove the perinuclear APP staining. This would 

suggest the condition media is acting downstream of APP (APP-L17C) and is not acting upon 

the APP-L17C itself.  Further studies are needed to determine whether the population of 

cells containing the punctate perinuclear staining was reduced to further elucidate the exact 

downstream pathway APP condition media is mediating to promote neurite outgrowth. The 

subsequent chapter will look at the RhoA and miRNA signaling that have been mediated in 

the APP-L17C mutant. 

Taken together the findings show APP-L17C dimerisation is either down regulating a 

secretory product that promotes neurite outgrowth and/or is modulating intracellular APP 

transport to prevent neurite outgrowth. This study revealed that APP-L17C dimerisation 

significantly reduced neurite outgrowth and produces perinuclear ER staining. The 

mechanism by which APP-L17C is causing this phenotype suggested it affected the secretion 

of neuritogenic factor. This might be mediated through AICD signalling; however the SPA4CT 

experiments did not allow this to be determined with certainty due to the toxicity caused by 

the SPA4CT construct.  To continue our investigation into mechanism of APP-L17C’s effect 

on neurite outgrowth we will now be examining how APP dimerisation affected cell 

signalling pathways and gene expression that are involved in neuritogenesis. As described in 

the next chapter we have focussed on the small Rho GTPase pathway and microRNA 

expression in APP-L17C mutant. 
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Studies conducted in this thesis thus far have shown that APP dimerisation can reduce the 

secretion of a neurite outgrowth factor resulting in a reduction of neurite outgrowth in SH-

SY5Y during differentiation.  APP dimerisation may also have an effect on the intracellular 

signaling of the C-terminal AICD region. Whether AICD signaling is directly affected by the 

APP-L17C mutation or if the secreted factor is binding to a receptor responsible for 

cytoskeletal rearrangement and neurite outgrowth signaling has not yet been elucidated. 

Regardless of what the initial event is that caused a reduction in neurite outgrowth, this 

chapter investigates APP dimerisation and its effect on RhoA GTPase activation. RhoA 

GTPase is one of the main intracellular signals regulating neurite outgrowth and belongs to a 

family of small Rho GTPase. Other members of this family can also affect neurite outgrowth 

and can indirectly each other’s expression. A review of the small Rho GTPase family is 

necessary to elucidate how APP dimerisation and RhoA signaling are linked.  

4.1 Small Rho GTPase Family 

Small guanosine triphosphatases (small GTPase) are a superfamily of proteins which include 

the Ras, Rho, Rab, Arf, and Ran family members. These family members act as molecular 

switches to regulate many cellular processes such as proliferation, differentiation, organelle 

dynamics, vesicle trafficking and cytoskeleton dynamics (Aspenstrom et al., 2004; Mittnacht 

et al., 1997; Pathre et al., 2003; Salminen and Novick, 1987; Villarroel-Campos et al., 2016). 

This chapter focuses on the family of proteins involved in the cytoskeletal reorganisation 

and neurite outgrowth. These include the Rho GTPase, which includes Ras homologous 

member, RhoA, the Ras-related C3 botulinum toxin substrate 1 (Rac1) and cell division 

control protein 42 homolog (Cdc42). A summary of its signaling cascade and its effects on 

the cytoskeleton reorganisation is shown in Figure 4.2. Most members of the small GTPase 

family have a guanosine diphosphate (GDP) binding domain and a guanosine triphosphate 

(GTP) binding domain. The activity of the small GTPase is regulated by switching between 

the GDP bound inactive state and the GTP bound active state (Bourne et al., 1990; Milburn 

et al., 1990). There are two classes of proteins that facilitate the exchange between these 

two states, one being guanine nucleotide exchange factors (GEFs) and the other being 

GTPase activating proteins (GAPs). GEF interacts with the bound GDP to form a complex 

which then causes GDP to be released (Figure 4.1). The GEF is then replaced with GTP to 

form a GTP bound GTPase (Boguski and McCormick, 1993; Bourne et al., 1990). Most Rho 
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GEFs have a pleckstrin homology (PH) domain and a Dbl homology (DH) domain which are 

necessary to provide structure for guanine exchange (Hart et al., 1994; Rossman et al., 

2002). GEF also have additional domains such as Tyrosine kinase, SH2, SH3, Ras-GEF and PDZ 

domain which may be involved in coupling the GEF with upstream receptors or signaling 

molecules. An example of a GEF that catalyses the GDP/GTP exchange on Rac1 is called Vav, 

which has been shown to cause Rac1 downstream activation of c-Jun kinase (Crespo et al., 

1997). Another example is Ost, an oncogene product, which can catalyse GDP/GTP exchange 

on RhoA and Cdc42 (Horii et al., 1994). This study also found that it is highly expressed in 

the brain. In a follow up study, Ost overexpression resulted in the activation of c-Jun N-

terminal kinase (JNK) activity and in the formation of actin stress fibers and filopodia (Horii 

et al., 1994; Lorenzi et al., 1999). Other GEFs associating with the Rho GTPase family will be 

subsequently reviewed. More examples of GEF family members can be found in these 

detailed reviews (Rossman et al., 2005; Schmidt and Hall, 2002) 

The GAPS increase the rate of hydrolysis of bound GTP to cause deactivation (Bourne et al., 

1990; Trahey and McCormick, 1987). An example of a GAP is a 98-kDa protein encoded by 

active BCR-related (ABR) gene. The ABR protein is enriched in the brain and is able to reduce 

the levels of GTP bound RhoA, Cdc42 and Rac1. Another example of a GAP is Myr5, which 

can reduce GTP bound RhoA, Rac1 and Cdc42. In addition, Myr5 is able to bind actin and 

therefore links Rho GTPase to the actin cytoskeleton and its organisation (Reinhard et al., 

1995).  

The GTPases are further regulated by guanine nucleotide dissociation inhibitors (GDI), which 

prevent GDP from dissociating with the GTPase, thus precluding it from being activated. 

Rho-GDI is a 204 residue protein with a hydrophobic cleft at the N-terminus that binds to 

the isoprenylated C-terminus of the Rho GTPase family members. This interaction blocks the 

exchange of GDP and the binding of GAPs and GEFs (Gosser et al., 1997). Rho-GDI is a 

cytosolic protein that associates with Rho, Cdc42 and Rac and inhibits the dissociation of 

GDP from RhoA and RhoB, Cdc42 and Rac (Abo et al., 1991; Chuang et al., 1993; Fukumoto 

et al., 1990; Hart et al., 1992; Leonard et al., 1992). Once Rho-GDI is released, the small 

GTPase translocate to the membrane, indicating it may have a role in localisation of the 

small GTPase (Takai et al., 1995). Two other forms of GDI that act on Rac, RhoA and Cdc42 

have been discovered, G4-GDI and Rho-GDIƴ, which are expressed in hemopoietic tissue 

and brain tissue respectively. There overexpression in hamster kidney cells caused the cells 
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to round up and lose its stress fibers. Its expression is also decreased in differentiating 

myelomonocytic cells (Adra et al., 1997; Lelias et al., 1993). The activation and deactivation 

cycle of the GTPase is illustrated in Figure 4.1 

 

  

 

 

                           

 

 

Figure 4.1 Schematic depiction of the switching between an active GTP bound state and 

the inactive GDP bound state. 

Upstream signaling activates GEF to catalyze the dissociation of GDP followed by the binding 

of GTP, resulting in a conformational change to permit the interaction with downstream 

effectors. The hydrolysis of GTP to GDP is catalysed by the activation of GAP, leading to a 

conformational change to release the effector. The binding of GTP is inhibited by the 

binding GDIs which blocks GTP exchange. 

4.2 Rac1 

There are three variants of Rac including, Rac1, Rac2 and Rac3. They are ubiquitously 

expressed however Rac2 is solely expressed in hematopoietic lineages and Rac1 is known to 

be active in membrane ruffles and on the leading edge of motile cells (Kraynov et al., 2000; 

Matos et al., 2000). The activation of Rac1 by itself can alter actin cytoskeletal dynamics. 

Micro-injections of Rac1 into Swiss 3T3 cells leads to the formation of stress fibers, 

lamellipodia, membrane ruffles and focal complexes at the plasma membrane. The changes 

to the cytoskeleton can be induced by growth factors such as epidermal derived growth 

factor, platelet derived growth factor and insulin. These changes are mediated through Rac 

as co-treatment with a dominant negative Rac1 inhibits the effects of the growth factors 
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(Nobes and Hall, 1995; Ridley et al., 1992).  Additionally, Rac1 has an effect on dendritic 

spines where the expression of a dominant negative Rac1 mutant leads to a reduction in 

dendritic spines (Nakayama et al., 2000). Interestingly Rac1 is up regulated and translocates 

in rat hippocampal neurons following fear conditioning , which indicates Rac1  is a mediator 

of synaptic plasticity (Martinez et al., 2007) 

4.2.1 Rac1 Upstream Signaling 

The upstream regulators of Rho-GTPase can be a receptor that is coupled to a small GTPase 

or it can be regulated through the activation of GEFs and GAPS by activation of certain 

upstream receptors. Some GEFs are specific to a certain Rho GTPASE however there are 

some that can act against several members of the Rho GTPase family with various degrees 

of affinity. For example the faciogenital dysplasia gene 1 product acts on Cdc42 and p115 

Rho GEF can act on RhoA only. Whereas Vav can act on Rac and Rho while Dbl can act on 

RhoA and Cdc42 (Hart et al., 1994; Hart et al., 1996; Olson et al., 1996; Zheng et al., 1996a); 

Hart, Eva et al. 1994, Hart, Sharma et al. 1996, Olson, Pasteris et al. 1996, Zheng, Fischer et 

al. 1996).  

UNC-73/TRIO, a GEF, is associated with LAR which is a receptor kinase important for the 

development and maintenance of CNS synapses (Dunah et al., 2005). TRIO can interact with 

Rac in a dose dependent manner and TRIO deficiency results in defects in central and 

peripheral axon pathways (Bateman et al., 2000). This indicates TRIO is a regulator of the 

cytoskeleton via Rac interaction. Furthermore, activation of Rac via TRIO causes p21-

activated kinase to be recruited to the membrane, which is required for correct path finding 

of axons (Newsome et al., 2000). TRIO has also been shown to regulate neurite outgrowth. 

Mutation and/or deletions in this gene led to a decrease in neurite outgrowth of touch 

receptor neurons and a lack of coordination in Caenorhabditis elegans (C.elegans) (Zheng et 

al., 2016).  However the defects could be rescued expressing the UNC-73 gene (Zheng et al., 

2016). UNC-73 also regulates actin polymerisation in growth cones and cell migration in 

Rat2 cells. Its localisation in axons further illustrates its role in cytoskeleton dynamics and 

guidance (Steven et al., 1998) 

A receptor known to regulate Rac1 is the P2Y2 nucleotide receptor. Activation of 

P2Y2 nucleotide receptor causes activation of Rac1 and the formation of a Rac1, cadherin 
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and VEGFR-2 complex (Liao et al., 2014). Knockdown of cadherin caused a loss of Rac1 

activation indicating Rac1 activation requires cadherin. Cadherin association with 

P2Y2 nucleotide receptor induces its phosphorylation of p120 and vav2 (GEF for Rac1) which 

leads to Rac1 activation and cytoskeletal rearrangement (Liao et al., 2014).  

A well-studied GEF is Vav, which mediates the GDP-GTP exchange upon transient 

phosphorylation of its tyrosine residue. The phosphorylation of Vav leads to GDP/GTP 

exchange on Rac1 and to a lesser extent RhoA (Crespo et al., 1997). Vav colocalise with F-

actin and its activation stimulates the formation of stress fibers, lamellipodia and membrane 

ruffles (Bustelo, 1996; Movilla and Bustelo, 1999).The upstream activators of Vav include 

PI3K, and as previously discussed PI3K is a regulator of the cytoskeleton (Ma et al., 1998a). 

Numerous receptors associate and phosphorylate Vav upon activation, including the 

epidermal or platelet derived growth factor receptor, Insulin-like Growth Factor 1 receptor, 

B-cell antigen receptor and TrkA receptor (Bustelo et al., 1992; Melamed et al., 1999; Uddin 

et al., 1996) .  

 
Another activator of Rac1 is the Stress-responsive neuronal membrane glycoprotein M6a 

(Gpm6a). It is expressed in the CNS and more so in the hippocampus (Yan et al., 1996). 

There is substantial evidence demonstrating its importance in the process of 

synaptogenesis, neurite outgrowth and filopodia formation (Alfonso et al., 2005; Brocco et 

al., 2010; Formoso et al., 2015; Fuchsova et al., 2009; Michibata et al., 2008; Mita et al., 

2015; Mukobata et al., 2002; Zhao et al., 2008). Gpm6a is linked to a coronin-1a which is 

bound to F-actin. Coronin-1a can modulate the cytoskeleton by interacting directly with F-

actin, the Arp2/3 complex or regulating the cofilin pathway, as well as translocating and 

activating Rac1  (Bustelo et al., 2012; Castro-Castro et al., 2011; Chan et al., 2011; Ojeda et 

al., 2014; Rybakin and Clemen, 2005).  Activation of Rac1, via Gpm6a, leads to up regulation 

of Pak1 signaling which is one of the major downstream effectors of Rac1 (Alvarez Julia et 

al., 2016).  

Another Rac1 specific GEF is Tiam1. It contains a Dbl and PH domain that mediates the 

exchange of GDP and GTP (Habets et al., 1994).  The products of PI3K, PI(3,4)P2 and PIP3, 

binds to Tiam1 to enhance GEF activity and caused a reshuffling of the cytoskeleton 

(Fleming et al., 2004; Fleming et al., 2000; Michiels et al., 1995; Missy et al., 1998). It is 

developmentally regulated and its expression increases during differentiation and migration 
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of neurons in the cerebral cortex (Ehler et al., 1997). This study showed Rac1 activation and 

Tiam1 played a role in cell migration and neurite extension. Tiam1 KO mice exhibited a slow 

rate of granule cell migration  (Leeuwen et al., 1997) 

Semaphorins are secreted proteins that interact with plexin receptors and act as 

chemorepellants in axon guidance (Bagnard et al., 1998; He and Tessier-Lavigne, 1997). 

Semaphorin 3D induced growth cone, filopodia and lamellipodia collapse and is inhibited by 

dominant negative Rac1, indicating that Rac1 a downstream effector of Semaphorin 3D and 

plexin receptor (Jin and Strittmatter, 1997; Kuhn et al., 1999) . These studies indicate 

Semaphorin 3A acts upstream of inactive Rac1 to mediate growth cone collapse (Vastrik et 

al., 1999) .  

Netrin is a secreted protein that interacts with deleted colorectal cancer (DCC) receptor to 

act as chemorepellants to axons during development (Chan et al., 1996; Keino-Masu et al., 

1996a; Kolodziej et al., 1996). The treatment of primary neurons with Netrin led to the 

activation of both Rac1 and Cdc42 which in turn increased filopodia and cell surface area, 

thus indicating Netrin mediates its effects through Rac1 and Cdc42 Rho GTPase (Shekarabi 

and Kennedy, 2002). Adaptor proteins are also involved in the recruitment of Rac1 to the 

DCC cytoplasmic domain. Dominant negative Nck-1 prevents DCC induced neurite 

outgrowth in response to Netrin and correlates with a decrease in Rac1 activation (Li et al., 

2002)  

4.2.2 Rac1 Downstream Effectors 

The main downstream effectors of Rac1 include the p35/Cdk5 kinase and p21-activated 

kinase (Pak) kinase pathway. Cdk5 has various roles in neurite outgrowth, 

neurodevelopment migration, learning and memory (Demelash et al., 2012; Mishiba et al., 

2014; Nikolic et al., 1996; Ohshima et al., 2002). Cdk5 kinase is ubiquitously expressed in all 

tissues but is enriched in certain areas in the CNS. Its subcellular distribution is co-localised 

within growth cones and lamellipodia and has implications in neurite outgrowth and 

differentiation (Nikolic et al., 1996; Paglini et al., 1998). Furthermore, it binds to MAP1B to 

cause its phosphorylation. The phosphorylation of MAP1B causes it to bind to microtubules 

to promote polymerisation and neurite elongation (DiTella et al., 1996; Pigino et al., 1997; 

Tsai et al., 1993). Cdk5 is also involved in neurodevelopment as its down regulation results 

in abnormal cortical development and perinatal death (Gilmore et al., 1998; Kwon and Tsai, 
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2000; Ohshima et al., 1996). The only activators of Cdk5 are p35 and p38. P35 is a 35 kDa 

protein that’s found in post mitotic neurons of the CNS, namely in axonal bundles during 

embryonic development and declines after birth (Tsai et al., 1994). In adult brain it's present 

in areas of plasticity, namely the pyriform cortex and pyramidal layer of the hippocampus 

(Nikolic et al., 1996; Tsai et al., 1993). Rac1 can associate directly with p35 in growth cones 

to cause its phosphorylation and activation. Once activated by Rac1, p35 can associate with 

Cdk5, thus promoting cytoskeleton rearrangement and neurite outgrowth (Nikolic et al., 

1998). Interestingly, the Rac1/p35 pathway underlies increased cognition upon inducing 

glutamate-mediated excitotoxicity in AD mice (Posada-Duque et al., 2015). Reducing Cdk5 

causes an increase in Rac1/P35 levels which was found to be neuroprotective (Posada-

Duque et al., 2015). Furthermore, reducing Cdk5 leads to a reduction in neurofibrillary 

tangles in transgenic AD mice (Piedrahita et al., 2010). 

Pak kinases are downstream effectors of both the Rac1 and Cdc42 Rho GTPases (Manser et 

al., 1994). This may explain why Rac1 and Cdc42 have a similar function. Pak1 is highly 

enriched in the brain (Manser et al., 1994). At its N-terminal there is an auto-inhibitory 

region at residue 101-137 which binds to the N-terminal of Rac1 and Cdc42. This causes a 

change in the conformation of the inhibitory region which initiates autophosphorylation, 

thus leading to increase Pak1 kinase activity (Burbelo et al., 1999; Manser et al., 1994; Zhao 

et al., 1998). The activation of Pak1 induces actin reorganisation, less stress fibers and focal 

adhesion and induces neurite outgrowth (Daniels et al., 1998; Zhao et al., 1998). Upon 

activation, Pak1 complexes and phosphorylates LIMK. LIMK phosphorylates cofilin to cause 

its inactivation (Arber et al., 1998). Activated cofilin binds to monomeric ADP bound F-actin 

to prevent polymerisation. Expression of inactive LIMK lamellipodia formation caused by 

Rac1 activation (Arber et al., 1998; Edwards et al., 1999; Maciver et al., 1998; McGough et 

al., 1997; Yang et al., 1998). Besides LIMK, Pak also phosphorylates Stathmin/Op18. Its 

function in destabilising microtubules is disrupted upon phosphorylation that leads to 

microtubule stabilisation (Cassimeris, 2002; Daub et al., 2001). Pak can phosphorylate 

myosin light chain kinase (MLCK), resulting in deactivation. The deactivation leads to  

decreased phosphorylated myosin light chain leading to increased neurite outgrowth 

(Sanders et al., 1999).  

The insulin receptor substrate of 53 kDa (IRSp53) is an adaptor protein that links Cdc42 to 

Mena and Rac to WAVE2, which are its downstream effectors (Krugmann et al., 2001; Miki 
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et al., 2000). Mena is protein known to mediate pathways involved with actin cytoskeleton 

rearrangement. Mena deficient mice have misrouted axons in interhemispherical cortical 

neurons, defects in hippocampal commissure and pontocerebellar pathways and failed 

decussation in the hippocampus. Mena binds to and activates profilin (activator of actin 

polymerisation) and Mena deficient mouse with a Profilin deletion die in utero and is 

defective in neurulation (Lanier et al., 1999).  IRSp53 interacts with Cdc42 and Rac1 at the 

central CRIB motif and inhibits the autoinhibitory N-terminal of IRSp53 from interacting with 

itself (Miki et al., 2000). IRSp53 links Rac and WAVE with Rac1 binding to IRSp53 at the 

autoinhibitory N-terminal and the SH3 domain of IRSp53 binds to WAVE2 to form a 

Rac1:IRSp53:WAVE2 complex. This interaction stimulates membrane ruffling, actin 

polymerisation and neurite outgrowth in N1E-115 neuroblastoma cells (Miki and Takenawa, 

2002; Miki et al., 2000)  Interestingly, Tiam1, a Rac1 specific GEF, complexes with IRSp53 to 

induce the formation of lamellipodia. The interaction promotes IRSp53 localisation to Rac 

induced lamellipodia (Connolly et al., 2005) 

4.3 Cdc42 

Another member of the Rho GTPase family is Cdc42 which has been shown to be involved in 

the formation of filopodia in Swiss 3T3 fibroblasts (Kozma et al., 1995; Nobes and Hall, 

1995). The increased expression of Cdc42 promoted axon and dendrite formation in 

Drosophila and rat cortical neurons (Luo et al., 1994; Threadgill et al., 1997a). Expression of 

a dominant negative version resulted in defects in neurite outgrowth and guidance, whereas 

Cdc42 reconstitution resulted in actin polymerisation (Luo et al., 1994; Moreau and Way, 

1998; Ruchhoeft et al., 1999; Threadgill et al., 1997b).  

4.3.1 Cdc42 Upstream Signaling 

Similar to Rac1, Cdc42 has various specific GEFs that regulate the GDP-GTP exchange. 

However they also have GEFs which overlap with Rac1 such as the Vav GEFs (Umikawa et al., 

1999). Faciogenital dysplasia 1 protein (FDG1) induces filopodia formation in Swiss 3T3 cells 

which acts upstream and through Cdc42. Moreover, FDG1 has a DH and PH domains where 

GDP-GTP exchange occurs and mutations in these regions lead to neurological defects 

similar to Aarskog-Scott Syndrome (Orrico et al., 2000) 
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Frabin is a GEF that exchanges GDP-GTP at its DH and PH domains that are specific for 

Cdc42.  Transfection of Frabin into COS7 cells led to the formation of filopodia and the 

activation of the downstream effector JNK pathway, thus validating its function in 

cytoskeleton rearrangement through Cdc42. Furthermore, Frabin associated with actin 

through its actin binding domain in the growth cones where filopodia were formed (Kim et 

al., 2002; Ono et al., 2000).  

Dbl is both a Rho and Cdc42 GEF, however it has a higher affinity towards Cdc42. In Dbl null 

mice, the cortical neurons showed a reduction in dendrite length (Hart et al., 1991; Hirsch et 

al., 2002). Therefore, Dbl's mode of action involves catalysing the dissociation of GDP from 

Cdc42 and by complexing with the GDP-bound form to cause GDP release (Hart et al., 1994). 

Similarly, PIP2 specifically binds to Cdc42 to act as a GEF but at the C-terminal end and away 

from the Dbl binding site (Zheng et al., 1996b). 

4.3.2 Cdc42 Downstream Signaling 

Similar to Rac1, a Cdc42 downstream effector is Pak1. Another downstream effect of Cdc42 

is N-WASP. As mentioned in chapter 3.1.2.1.1, N-WASP is able to bind as an adaptor protein 

to activate the Arp2/3 complex responsible for nucleating F-actin (Machesky et al., 1999; 

Rohatgi et al., 1999). N-WASP directly interacts with Cdc42 and its co expression is essential 

to forming filopodia. In a cell free system active Cdc42 can stimulate N-WASP which leads to 

actin polymerisation (Castellano et al., 1999; Ma et al., 1998b; Miki et al., 1998; Rohatgi et 

al., 1999). As mentioned previously, the Cdc42 specific GEF, Frabin, is able to cause the 

formation of filopodia which is mediated through the N-WASP-Arp2/3 complex (Ikeda et al., 

2001). 

The JNK pathway is another major downstream effector of Cdc42 (Teramoto et al., 1996; 

Zheng et al., 1996a). JNK phosphorylates c-Jun to cause its activation and subsequent 

transcription of genes related to proliferation (Derijard et al., 1994). C-Jun is part of the 

activator protein 1 (AP-1) complex which is a well-studied transcription factor (Angel et al., 

1988; Bohmann et al., 1987). The activation of AP-1 initiates the transcription of genes 

related to proliferation, differentiation and apoptosis (Angel and Karin, 1991; Kang et al., 

1998)   
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As mentioned previously IRSp53 also interacts with Cdc42. To link Cdc42 to Mena the SH3 

domain of IRSp53 synergises with Mena to form an IRSp53: Mena complex (Krugmann et al., 

2001). The expression of IRSp53 in neuroblastoma cells induces filopodia and neurite 

outgrowth. The expression of Mena alone is also able to enhance filopodia formation 

indicating it has a role in actin polymerisation (Govind et al., 2001; Krugmann et al., 2001; 

Lim et al., 2008). Mena is localised in the leading edge of lamellipodia and the tips of 

filopodia. Taken together Mena has a role in actin polymerisation together with IRSp53 and 

Cdc42 (Gertler et al., 1996; Govind et al., 2001).     

4.4 RhoA  

Activation of Rho leads to the formation of stress fibers and focal adhesion complexes. Focal 

adhesion complexes are highly enriched network of F-actin at the leading edge of motile 

cells in lamellipodia and membrane ruffles (Burridge et al., 1988; Nobes and Hall, 1995; 

Small, 1981). For vertebrates, there are several isoforms of Rho some of which include 

RhoA, RhoB and RhoC (Madaule and Axel, 1985). The different isoforms have different 

functions and localisation. RhoA has a role in cell body retraction, cytoskeletal 

rearrangement and the formation of stress fibers. It is localised mainly in the cytosol with a 

minority in the plasma membrane (Adamson et al., 1992; Paterson et al., 1990). Its 

migration from the cytosol to the membrane is required for cytoskeletal contraction 

(Kranenburg et al., 1997). In live cells its activity was visualised to be localised to the edge of 

protrusions in random migrating cells. However in platelet derived growth factor (PDGF) 

induced membrane protrusion, RhoA activity is low due to PDGF’s ability to activate Rac1 

which antagonises RhoA activity (Pertz et al., 2006). This pattern of activity was also found 

in other studies using migrating HeLa, Cos1 and NIG3T3 cells (Kurokawa and Matsuda, 2005; 

Pertz et al., 2006). RhoB has a role in cell survival after UV mediated genotoxic stress where 

it is localised in early endosomes and a pre-lysosomal compartment (Adamson et al., 1992; 

Fritz et al., 1995). RhoC is involved in the progression of metastatic cancer where RhoC 

causes cancer cells to proliferate and migrate (Faried et al., 2006).  Knocking out RhoC 

shows it is dispensable in development, unlike the other isoforms of Rho (Bellovin et al., 

2006; Clark et al., 2000; Hakem et al., 2005; Pille et al., 2005). These differential functions 

indicate that RhoC's mechanism of action is distinct from the different isoforms (Adnane et 

al., 2002). 
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This chapter will focus on testing the role of RhoA in the APP-L17C phenotype. As described 

above, RhoA is highly involved in cytoskeletal reorganisation and activation of RhoA results 

of neurite retraction whereas inactivation promotes neurite outgrowth. This was 

demonstrated using PC12 cell through microinjection of activated RhoA and the use of C3 

toxin which inactivates RhoA (Jalink et al., 1994; Kozma et al., 1997; Kranenburg et al., 

1997). It was also demonstrated in retinal ganglion cells and postnatal neurons that RhoA 

inhibitors can promote neurite outgrowth (Ahmed et al., 2009; Antoine-Bertrand et al., 

2016; Monnier et al., 2003). A role for RhoA in neurite outgrowth has also been confirmed in 

vivo. Deleting the RhoA gene in Drosophila melanogaster resulted in developmental defects 

that include a reduction in neuroblast formation and an over-extension of dendrites. While 

over-expression of RhoA resulted in a reduction of dendrites and their complexity (Lee et al., 

2000). Studies in rat hippocampal neurons demonstrated a reduction of complexity and 

branching dendrites upon RhoA activation (Nakayama et al., 2000). RhoA also has an effect 

on axon formation, where treatment of mouse spinal cord and dorsal root ganglion with a 

Rho kinase inhibitor (Y27632) promoted axonal growth 5-10 fold (Borisoff et al., 2003).  

RhoA has an effect on dendritic spines, which are important sites of synapse formation and 

plasticity. Exposure of hippocampal neurons to the Rho kinase inhibitor (Y27632) increased 

spine density and length with a decrease in spine width (Swanger et al., 2015). Interestingly, 

other studies show activation of RhoA is necessary for axonal growth, while dendritic 

development requires inactivation of RhoA (Ahnert-Hilger et al., 2004). Rho inhibition leads 

to the formation of new and longer spines, whereas Rac1 inhibition leads to long thin spines 

with a small spine head (Tashiro and Yuste, 2004).  

The effect of RhoA has on neurite outgrowth, axonogenesis, dendritic and spine formation 

had therapeutic implications by modulating RhoA activity. After spinal cord injury in mice 

and rats, RhoA activity is elevated in the white and grey matter at the injured site (Dubreuil 

et al., 2003). Treatment with a Rho antagonist reduced the number of cell death. This study 

also showed an increase in p75NTR expression which is a receptor linked to apoptosis. This 

indicates apoptosis is mediated through RhoA activation and p75NTR expression (Dubreuil et 

al., 2003). In vivo studies show that treatment with the RhoA inhibitors, Y27632 and C3 

exoenzyme, following either a crushed optic nerve or spinal cord injury resulted in axon 

regrowth and an improvement in locomotion and co-ordination (Dergham et al., 2002; 

Fournier et al., 2003; Lehmann et al., 1999).  Certain myelin associated proteins, such as 

MAG, Nogo, OMgp, are inhibitory factors for axonal outgrowth (Domeniconi et al., 2002; 
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McGee and Strittmatter, 2003; Schwab, 2004; Wang et al., 2002c). These inhibitory effects 

are believed to be attributed to increasing RhoA activity. Nogo and MAG can increase RhoA 

activity in PC12, dorsal root ganglion and cerebral neurons (Fournier et al., 2003; Niederost 

et al., 2002). The Nogo receptor mediates the inhibition of axonal outgrowth signaling from 

Nogo, MAG and OMgp upon axonal trauma. Nogo receptor transduces its signal through its 

co-receptor p75NTR (Wang et al., 2002b; Wong et al., 2002; Yamashita et al., 2002). p75NTR is 

indirectly associated with RhoA and is up regulated upon axonal injury. p75NTR activates 

RhoA by facilitating the release of RhoA from Rho-GDI leading to RhoA activation. However, 

treatment with neurotrophins reduces RhoA activity by inhibiting the p75NTR interaction 

with Rho-GDI. Nogo, MAG and OMgp enhance the release of RhoA from Rho-GDI which 

boosts RhoA activity (Dubreuil et al., 2003; Yamashita et al., 2003).  

 4.4.1 RhoA Upstream Signaling 

Netrin-1 and its receptor (DCC) are linked to RhoA activation. Treating N1E-115 

neuroblastoma cells and primary cortical neurons overexpressing DCC and with Netrin-1 

causes the formation of neurites and axons through the activation of RhoA/ROCK signaling 

(Antoine-Bertrand et al., 2011; Picard et al., 2009). This is contrary to other studies that 

have shown the activation of RhoA leads to neurite breakdown (Lee et al., 2000; Nakayama 

et al., 2000). Perhaps DCC activates other pathways overriding neurite outgrowth inhibition 

by RhoA activation (Keino-Masu et al., 1996b). A follow up study looked at the localisation 

and activity of RhoA and upon stimulation with Netrin-1 the early transient activation of 

RhoA was observed to shift from the cell bodies to the growth cones (Antoine-Bertrand et 

al., 2016). This may enable the cells to establish F-action traction to prevent retrograde flow 

and enable growth cone protrusion via ezrin, radixin and moesin protein family (Antoine-

Bertrand et al., 2011; Giannone et al., 2009; Marsick et al., 2012). This study further 

highlights the complexity of neurite outgrowth. 

Plexin-B1, a neuron specific Semaphorin receptor, regulates RhoA activation. The Plexin B1 

and Semaphorin 4D complex initiates signaling cascades leading to axon repulsion and 

growth cone collapse (Nakamura et al., 2000; Tamagnone et al., 1999). Upon receptor 

activation, both plexin-B1 and ErbB-2 (a tyrosine kinase) are phosphorylated (Swiercz et al., 

2004). Furthermore, Rnd GTPase, leukemia-associated Rho GEF and PDZ-RhoGEF are also 

recruited and are necessary for RhoA activation in turn leading to cell contraction and 
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axonal growth cone collapse (Oinuma et al., 2003; Perrot et al., 2002; Swiercz et al., 2002; 

Tamagnone et al., 1999). Plexins can also associate with active Rac to sequester it from PAK 

and this enhances RhoA activity which leads to actin;myosin filament and cell contraction 

(Driessens et al., 2001; Hu et al., 2001; Vikis et al., 2002). 

Ephrins and its receptor regulates many functions including, but not limited to,  

proliferation, migration, differentiation, development, inhibition of regeneration and 

angiogenesis (Lisabeth et al., 2013; Pasquale, 2005, 2008). Ephrin mediates these functions 

via  different modes of signaling including co-receptor complexing, phosphorylation, 

endocytosis, enzymatic cleavage, forward and reverse signaling (Lisabeth et al., 2013). The 

Ephrin receptor can modulate RhoA activity through reverse signaling which involves the 

recruitment of adaptor proteins, such as PDZ-RGS3, to connect Ephrin-B to G-coupled 

proteins. The activation of Ephrin-B2 induces axonal retraction in hippocampal neurons and 

this correlates with the activation of the RhoA/ROCK pathway (Takeuchi et al., 2015). 

Ephexin5, a RhoA GEF, is phosphorylated, ubiquitinated and degraded upon Ephrin-B 

receptor activation, leading to synapse formation. This indicates that Ephrins can modulate 

neurite outgrowth and synaptogenesis via the deactivation of RhoA (Margolis et al., 2010). 

Basic fibroblast growth factor and NGF are able to initiate neurite outgrowth in PC12 cells. 

Concurrently there was a reduction in GTP-bound RhoA and the mechanism by which this 

occurs is through the up regulation of p190 RhoGAP and a Rap-dependent RhoGAP (Jeon et 

al., 2010). This study also demonstrated di-butyric cAMP can phosphorylate RhoA to 

increase the affinity of RhoA to Rho-GDI, thus causing its inactivation (Jeon et al., 2012). The 

p190 RhoGAP is also a Src kinase substrate that leads to its phosphorylation and activation. 

Cells lacking Src show a defect in axonal outgrowth (Brouns et al., 2001) 

Chondroitin sulfate proteoglycans expressed in CNS scar tissue inhibits regeneration 

through the activation of Rho/ROCK pathway. Retina ganglion cell axon growth on glial scar 

tissue was inhibited however treatment with C3 and Y27632 enhanced axonal growth 

(Monnier et al., 2003). 

4.4.2 RhoA Downstream Effectors 

The main downstream effectors for RhoA kinase activity involved in cytoskeletal 

rearrangement are the Rho associated coiled coil containing protein kinase (ROCK) and 

Diaphanous formin (Dia). There are two isoforms of ROCK, which include ROCK1 and ROCK2. 
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ROCK1 and is ubiquitously expressed except in muscles and brain, whereas ROCK2 is highly 

expressed in brain muscle, heart and lungs (Nakagawa et al., 1996). They contain an N-

terminal serine/threonine kinase domain and a cysteine-rich C-terminus. ROCK is a specific 

substrate for RhoA and has a catalytic domain at the N-terminus. N-terminally truncated 

ROCK loses its ability to bind RhoA resulting in an inability to modify the cytoskeleton 

(Matsui et al., 1996).  

Up regulation in RhoA resulted in phosphorylation of ROCK at its serine and threonine 

residues in the C-terminal Rho binding domain. It’s believed this interaction disrupts the 

inhibitory domain to allow kinase domain activation (Chen et al., 2002; Ishizaki et al., 1996; 

Ishizaki et al., 1997). Upon phosphorylation and activation by RhoA, ROCK is recruited to the 

cell membrane and F-actin filaments (Leung et al., 1995).  It is here where ROCK can 

phosphorylate myosin light chain (MLC) of myosin II directly or by phosphorylating myosin 

light chain phosphatase (MLCP). The phosphorylation of MLC occurs at serine 19, which is 

the same phosphorylation site of MLC kinase. This phosphorylation led to actin binding and 

activation, leading to contraction (Amano et al., 1996; Totsukawa et al., 2000). MLCP 

dephosphorylates MLC, which can have consequences on actin binding. MLCP has a subunit 

known as the myosin binding subunit and phosphorylation by ROCK at the C-terminus at 

threonine 850 results in inhibition of MLCP, possibly by dissociating it from myosin (Velasco 

et al., 2002). Overall, this leads to more MLC phosphorylation and enhanced actin binding, 

which results in cellular contraction. MCLP is therefore a negative regulator or actomyosin 

contractility, thus inhibiting its activity would result in an up regulation of actomyosin 

contractility. 

In terms of neurite outgrowth, an increase in phosphorylated MLC leads to a decrease in 

neurite outgrowth and vice versa for unphosphorylated MLC (Amano et al., 1998; Fujita et 

al., 2001).  LIMK is also a downstream effector of ROCK II and upon its phosphorylation; 

LIMK is able to phosphorylate cofilin. ROCK II phosphorylates LIMK1 and 2 at threonine 508 

and threonine 505, respectively (Maekawa et al., 1999; Ohashi et al., 2000; Sumi et al., 

2001). As previously discussed, cofilin is an actin binding depolymerisation protein; 

therefore, increased ROCK activity leads to an increase in cofilin binding which in turn 

results in growth cone an axonal retraction. ROCK is known to phosphorylate CRMP-2 and 

this result in the collapse of growth cones. CRMP-2 is a promoter of microtubule 

polymerisation and upon phosphorylation it deactivates (discussed in chapter 3.1.3.1). 
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Treatment of Cos7 cells with a Rho activator (LPA) resulted in the phosphorylation of CRMP-

2. Additionally, overexpression of CRMP1 and CRMP2 was able to overcome the action of 

RhoA on neurite retraction (Arimura et al., 2000; Leung et al., 2002). Furthermore, ROCK is 

able to interact specifically with an isoform of profilin, profilin-IIa. This study found that 

profilin-IIa is regulated and is a downstream effector of RhoA-ROCK signaling. Profilin-IIa is a 

negative regulator of neurite outgrowth and KO mice exhibited shorter neurites with less 

branches. Profilin-IIa is thought to over-stabilise the actin cytoskeleton to hinder neurite 

outgrowth (Da Silva et al., 2003). 

There are three murine members of the Rho effector protein mammalian 

Diaphanous (mDia), including mDia1, mDia2 and mDia3, all of which binds to RhoA along 

with several other members of the Rho GTPase family (Olson, 2003; Wallar and Alberts, 

2003; Yasuda et al., 2004). Upon phosphorylation by RhoA at the N-terminal GTPase binding 

domain, the mDia’s N-terminus no longer interacts with the C-terminus inhibitory domain, 

thus leading to actin polymerisation (Alberts, 2001; Li and Higgs, 2003; Watanabe et al., 

1999). In XTC fibroblast cells, it has been demonstrated that mDia can bind to the barbed 

ends of unbranched F-actin to increase actin nucleation and polymerisation (Higashida et 

al., 2004; Pring et al., 2003; Pruyne et al., 2002). It has also been shown that Dia can stabilise 

microtubules independent of its actin polymerisation activity (Bartolini et al., 2008). mDia 

can also bind to the F1 domain of profilin to enhance actin nucleation by using profilin 

bound actin monomers as nucleators. Profilin is able to promote polymerisation of F-actin 

and uncap actin filaments, leading to polymerisation (Bubb et al., 2003; Dominguez, 2009; 

Watanabe et al., 1999). In neurons Rho and mDia1 and mDia2 are able to promote axonal 

and neurite extension by preventing the transcription factor, Pax6, from binding to DNA 

(Arakawa et al., 2003; Tominaga et al., 2002). mDia1, mDia2 and mDia3 single knockout 

mice show mild to no phenotype, however mDia1 and mDia3 double knockouts have 

dysplastic masses on the spinal cord, impaired axonal guidance in the spinal cord 

interneurons, impaired migration of cortical and olfactory inhibitory interneuron 

progenitors. The double knockout studies show that there are functional redundancies 

between the mDia isoforms. (Shinohara et al., 2012; Thumkeo et al., 2011; Toyoda et al., 

2013). mDia activation without ROCK activation leads to disorganised actin fiber formation. 

These effector activity seem to counteract each other activity, however concurrent 

activation of mDia and ROCK leads to organized fibers (Watanabe et al., 1999). 
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Figure 4.2 Flow chart representing the Rac1, Cdc42 and RhoA GTPase signaling cascade  

See text for an explanation of the pathways. Insulin receptor substrate of 53 kDa (IRSp53); 

Actin-related proteins 2 and 3 (Arp2/3); WASP family Verprolin-homologous protein 

(WAVE); cyclin-dependent kinase 5 (CDK5); p21-activated kinases (PAK); Lin-11, Isl-1, and 

Mec-3 kinase (LIMK); mammalian enabled (Mena);  Rho associated coiled coil containing 

protein kinase (ROCK); myosin light chain phosphatase (MLCP); myosin light chain (MLC); 

mammalian Diaphanous-related formins. Arrows represent activation and bullet point 

represents inhibition. 
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4.5 Rho GTPase and Amyloid Precursor Protein 

Since this chapter seeks to test the links between APP dimerisation and neurite outgrowth 

with RhoA activity, it is necessary to review the literature on the relationship between APP 

and RhoA signaling. Many of the studies show a deregulation in the activity and expression 

of Rho GTPase family member as well as their regulators, GEFS and GAPS in AD 

pathogenesis (Bolognin et al., 2014; Musilli et al., 2013). 

Fibrillar Aβ activates microglia to release cytotoxic factors that induce neuronal cell death (El 

Khoury et al., 2003; Fassbender et al., 2004; Husemann et al., 2002; Yan et al., 1998). The 

inhibition of RhoA enhanced Aβ binding to microglia through β2-integrin receptor and β2-

integrin antibodies reduced Aβ binding (Jeon et al., 2008). Interestingly, RhoA levels were 

found to be reduced in AD brains and transgenic AD mice. The study found RhoA to be 

increased in degenerating neurites and decreased in synapses. These results correlated with 

in vivo studies looking at the effect RhoA activation on neurite outgrowth which found that 

RhoA colocalised with neurofibrillary tangles and hyperphosphorylated tau (Huesa et al., 

2010). This may be a therapeutic method by which the modulation of RhoA activity can be 

used to alleviate neurodegeneration. 

The RhoA/ROCK pathway is also able to regulate the processing of APP. Treating a 

transgenic AD mouse model with RhoA inhibitors caused a decrease in Aβ42 levels (Zhou et 

al., 2003). ROCK1 and ROCK2 are increased in AD brains, and its suppression leads to a 

reduction in brain Aβ levels (Henderson et al., 2016; Herskowitz et al., 2013). The 

mechanism by which RhoA inhibition mediates its effects may be through an increase in 

non-amyloidogenic α-secretase cleavage of APP (Pedrini et al., 2005) or by isoprenylation 

and enhanced lysosomal degradation of Aβ (Ostrowski et al., 2007).  Another mechanism is 

through the down regulation of histone deacetylase 6 (HDAC6) (Tsushima et al., 2015). As 

the name suggests, HDAC6 is an enzyme involved in deacetylation and ubiquitination of 

nuclear and cytoplasmic proteins to regulate genes and messenger pathways (Boyault et al., 

2007; Seigneurin-Berny et al., 2001). Treatment of cultured hippocampal neurons with Aβ 

results in a disruption of the actin and microtubule cytoskeleton and this correlated with an 

increase in the activity of RhoA, along with a decrease in the expression of HDAC6. HDAC6 

down regulation decreases axonal growth and lessens the axonal initial segment, which is a 

barrier for maintaining the localisation of axonal proteins. An impairment of firing action 
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potential is also a result of the Aβ treatment.  This might be because HDAC6 deacetylates 

tau and tubulin which inhibits its function and causes aggregation (Tsushima et al., 2015). 

Since the axonal initial segment is compromised this may cause ankyrin G to mislocalise. 

Ankyrin G is also important for initiating action potentials (Cohen et al., 2011; Hubbert et al., 

2002; Tapia et al., 2010; Tsushima et al., 2015; Zhou et al., 1998).    

The transgenic AD mice exhibit locomotive hyperactivity and learning deficits and this can 

be partially rescued by activation of the Rho GTPase family (Musilli et al., 2013). The 

treatment of normal mice with cytotoxic necrotising factor 1 (CNF1) results in improved 

learning, memory, enhanced plasticity, transmission and actin rearrangement of dendritic 

processes. This is due to CNF1's ability to activate Rac1 and inhibit RhoA activity (Diana et 

al., 2007)   

AD can also regulate certain GAPs and GEFs: α1-chimaerin (GAP) is specific for deactivating 

Rac1 and its expression levels were decreased in the temporal cortex and hippocampus of 

AD brains (Kato et al., 2015). Tiam1 is a GEF that is up regulated in AD and treatment of 

neurons with Aβ increases Tiam1 activity, which subsequently led to an increase in Rac1 and 

Cdc42 activation (Mendoza-Naranjo et al., 2007). 

Since it was shown that increased cellular APP dimerization, which can be achieved by 

expressing the APP-L17C mutant, reduced neurite outgrowth, further investigations 

identifying the cellular mechanisms by which the APP-L17C acts are required. While it is well 

established that RhoA is a major regulator of neurite outgrowth, whether there is a link 

between APP dimerisation and RhoA activity is unclear. Therefore, this chapter addresses 

whether APP dimerisation modulates RhoA activity in the SH-SY5Y cell line expressing APP-

L17C mutant. 
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4.6 Results: Measuring RhoA activities in APP-L17C 

Since the previous chapters revealed that APP dimerisation has an effect on neurite 

outgrowth, this study now aims to elucidate the underlying intracellular signaling 

mechanisms responsible for the APP-L17C phenotype. As described above, the RhoA GTPase 

has a clear role in modulating neurite outgrowth. In addition, APP has been linked to the 

regulation of RhoA through p75NTR (Hasebe et al., 2013; Yamashita et al., 2003)(discussed in 

chapter 4.7). On this basis the role of RhoA GTPase in mediating the APP-L17C phenotype 

was investigated. 

To determine if the RhoA pathway is involved in the APP-L17C phenotype, a G-LISA (Small 

GTPase Activation Assay) RhoA activation assay was performed to determine baseline RhoA 

levels in SH-SY5Y vector control, APPwt and APP-L17C cells in both the undifferentiated and 

differentiated state. The G-LISA involves the quantitation of RhoA in its GTP bound form in 

cell lysates using a sandwich ELISA with antibodies specific for RhoA in its active GTP bound 

form. After the incubation with the HRP secondary antibody, a detection reagent is added 

and its absorbance read at 490nm. There was no change in RhoA activation in vector control 

vs. APPwt in undifferentiated and after 2 weeks of differentiation.  There was an increase in 

APP-L17C vs. vector control by approximately 150% and 200% under undifferentiated and 

differentiated conditions, respectively (Figure 4.3).   

Following this experiment, we determined whether condition media treatment of APP-L17C 

with APPwt condition media rescue would affect RhoA activation.  As found in chapter 3 

(Figure 3.10) treating the APP-L17C cells with APPwt condition media reversed the L17C 

phenotype. To determine if this rescue effect was mediated by a change in RhoA activity the 

2 week differentiated APP-L17C cells were treated with APPwt condition media for 3 days. 

The lysates were then collected for RhoA activity measurement by the G-LISA RhoA 

activation assay. There was a decrease of approximately 80% in RhoA activation after APPwt 

condition media rescue (Figure 4.4).  

Since the RhoA signaling pathway was found to be significantly increased in the APP-L17C 

cells, a Rho inhibitor specific for reducing ROCK activity, Y27632, was used to treat APP-L17C 

cells to determine if the L17C phenotype could be rescued. The APP-L17C was treated with 

100μM Y27632 for 48 hours.  Treatment with Y27632 significantly increased from an 

average of 0.5 to 2.5 neurites /cell body. This increased the amount of neurites/cell body 
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back beyond APPwt levels which was approximately an average of 1.8 neurites/cell body 

(Figure 3.7). The expression of β3-tubulin was also measured by western blot.  Β3-tubulin is 

the subunit of microtubules which is the main component of neurites. The Y27632 

treatment of differentiated APP-L17C significantly increased the expression of β3-tubulin by 

approximately 20% (Figure 4.5 and 4.6). 

To determine if the RhoA signalling cascade can affect APP localisation, APP-L17C was 

treated with Y27632 and imaged using immunofluorescence. APP localisation was 

determined by probing for β3-tubulin, APP and DAPI after 2 weeks of differentiation and 48 

hours of Y27632 treatment. Treatment of APP-L17C cells with 100uM Y27632 altered the 

localisation of APP-L17C and it resembled the typical intracellular localisation of APPwt. The 

punctate perinuclear staining of APP-L17C was no longer present after 48 hours of treatment 

(Figure 4.7). APP is seen to be prevalent in the neurites, indicating the Rho inhibitor 

overcame the APP-L17C defect which retained APP in the ER as described in chapter 3.  
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RhoA Activity of Undifferentiated SH-SY5Y   

RhoA Activity of Differentiated SH-SY5Y  

 

 

 

 

 

 

 

Figure 4.3 G-LISA results showing the percentage of activated RhoA relative to SH-SY5Y 

vector control.  

Results indicate an increase in both differentiated and undifferentiated in RhoA activation 

APP-L17C (A) Undifferentiated SH-SY5Y APP-L17C shows an increase in activated GTP bound 

RhoA compared to SHSY5Y vector control. Values represent an average of 4 different 

experiments  B) Differentiated SH-SY5Y APP-L17C shows an increase in activated GTP bound 

Rho A compared to SH-SY5Y vector control. Values represent an average of 3 different 

experiments    *, p<0.05. 
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RhoA Activity of APP-L17C 3 days after Condition media Treatment 

 

Figure 4.4 G-LISA results showing the percentage of activated RhoA relative to SH-SY5Y 

vector control 

APP-L17C differentiated for 2 weeks using 10μM retinoic acid and treated with APPwt 

condition media for 3 days.  RhoA activity decreased in APP-L17C after being treated with 

the condition media of SH-SY5Y APPwt. Values represent an average of 4 different 

experiments   *, p<0.05. 
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RhoA Activity of APP-L17C after Y37632 Treatment 

  

  

Figure 4.5 Quantitation of β3-tubulin in SH-SY5Y APP-L17C after 2 days of Y27632 (100uM) 

treatment 

Results show an increase in β3-tubulin after 100 uM Y27632 treatment (A) Lysates 

immunoblotted for β3-tubulin and GAPDH as a loading control. (B) Densitometry analysis of 

β3-tubulin with GAPDH loading control to quantitate neurites Values represents mean of 3 

independent experiments *, p<0.05. 
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APP-L17C + Vehicle APP-L17C + Y27632 

 

 

 

 

 

 

 

  

Quantitation of Neurites in APP-L17C after Y27632 Treatment  

Figure 4.6 Quantitation of APP-L17C neurites/cell body after 2 days of Y27632 (100uM) 

treatment  

Results show a significant increase in neurites/cell body.  (A) Phase contrast images of 

Y27632 and Vehicle Treated APP-L17C. Scale bar= 100μm (B) Quantitation of neurites/cell 

body using image J software. Values represents mean ± SEM of 80 cells and 3 independent 

experiments *, p<0.05. 
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Figure 4.7 Immunostaining of differentiated SH-SY5Y APP-L17C treated with 100uM 

Y27632 or vehicle for 2 days 

Neurite outgrowth was induced and punctate perinuclear staining resolved after Y27632 

treatment. Cells were probed for APP (22C11), β3-tubulin and DAPI. Images represent 3 

independent experiments. Scale bar =100μm 
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4.7 Discussion 

This chapter looked at identifying the intracellular signaling mechanism by which the APP-

L17C phenotype is acting through. The RhoA/ROCK signaling pathway was determined to be 

involved in mediating the APP-L17C neurite outgrowth inhibition phenotype. In both the 

undifferentiated and differentiated state, RhoA activity in APP-L17C cells was significantly 

higher (50% and 80%, respectively) compared to the control SY5Y vector control cells (Figure 

4.3). The APP-L17C phenotype was rescued by treating the APP-L17C cells with APPwt 

condition media as seen in chapter 3. RhoA activity was shown to be involved in this rescue 

as this study demonstrated a significant decrease (80%) in RhoA activity (Figure 4.4).  

The increase in neurite outgrowth is caused by the reduction in RhoA activity as previous 

studies have shown that a decrease in RhoA activity leads to an increase in neurite 

outgrowth (Ahmed et al., 2009; Antoine-Bertrand et al., 2016; Jalink et al., 1994; Kozma et 

al., 1997; Monnier et al., 2003). This indicates that the neurite outgrowth factor in the 

condition media may be acting upstream to inactivate RhoA activity. A possible factor may 

be sAPPα and p75NTR as they can modulate RhoA activation. Using a yeast-two hybrid 

system and co-immunoprecipitation it was demonstrated that the p75NTR is able to regulate 

RhoA activity (Yamashita et al., 1999).  However, when cells were incubated with p75NTR 

ligands, NGF, BDNF or NT-3, there was an increase in GDP associated RhoA leading to a 

decrease in RhoA activation.  Consequently, this led to an increase in neurite outgrowth. 

This study also found a decrease in axonal outgrowth in p75NTR deficient mice (Yamashita et 

al., 1999). The mechanism by which p75NTR regulates the activity of RhoA is through its 

association with RhoA:Rho-GDI complex which facilitates the release of RhoA from this 

complex to cause RhoA activation. Chemorepellant proteins such as MAG and Nogo can 

enhance the affinity of RhoA with Rho-GDI to increase RhoA activity. This study also 

suggested that peptides, such as Pep5, binding to p75NTR can block the effect of Nogo and 

myelin associated protein, which suggest that MAG and Nogo act through p75NTR (Yamashita 

et al., 2003).  Another protein that interacts with p75NTR is sAPPα and this interaction results 

in increased neurite outgrowth (Hasebe et al., 2013). Taken together these studies indicate 

sAPPα is acting like a neurotrophic factor to decrease the interaction of p75NTR with Rho-GDI 

to decrease RhoA activation. The APP-L17C mutant in our study has been shown to reduce 

the amount of sAPPα  (Munter et al., 2007a) and therefore replenishing with APPwt 

condition media may result in a rescue of the L17C phenotype (Figure 3.10, Chapter 3). 
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Future experiments need to involve the treatment of APP-L17C cells with sAPPα and 

determining if RhoA activation is decreased. 

These results assume that the factor in the condition media is promoting neurite outgrowth 

through RhoA directly. However it could be the case that Rac1 is being modulated instead.   

Rho GTPase family members are able to regulate each other’s activity.  In NIH3T3 cells, 

activation of Rac1 by Tiam1 or PDGF suppresses RhoA activity; however activation of RhoA 

does not influence Rac1 activity, indicating a unidirectional relationship. The study 

suggested that the regulation is at the GTPase level as mutations in downstream effectors 

don’t affect the activation (Sander et al., 1999). Oncogenic Ras can also down-regulate Rac1 

which in turn up regulates Rho activity, indicating both up and down-regulation of Rac1 has 

a reciprocal effect on RhoA activity (Zondag et al., 2000). Others have shown a similar 

reciprocating relationship between RhoA and Rac1 activity in animal models using RhoA and 

Rac1 mutants (Chauhan et al., 2011). Therefore, although we see a change the activation of 

RhoA, it may be a result of the down-regulation of Rac1. Further studies need to look at the 

activation of all members of the Rho GTPase family to determine exactly which member is 

being modulated by the APP-L17C mutation.  

Inhibition of Rac1 is able to effect the production of Aβ (Desire et al., 2005). EHT 1864 is a 

specific inhibitor of Rac1 signaling and in vivo treatment results in a significant decrease in 

Aβ and delays the formation of plaques (Desire et al., 2005). The mechanism by which Rac1 

reduces Aβ is by changing the substrate specificity of ƴ-secretase from APP-CTF to Notch 

(Boo et al., 2008) . Rac1 inhibition also decreased APP transcription and protein levels 

(Wang et al., 2009a).  Since Rac1 is responsible for the formation of lamellipodia, it could be 

implicated in the APP-L17C phenotype. The images from chapter 3 Figure 3.6 show enlarged 

cells, possibly due to the formation of lamellipodia. Future studies would investigate the 

other Rho GTPase family members, such as Cdc42 and Rac1, are required to elucidate the 

mechanism underlying the APP-L17C phenotype. 

The phenotype produced by the APP-L17C mutant could be related to the production of Aβ. 

APP-L17C mutants are known to produce more Aβ42 (Munter et al., 2007a). Aβ is able to 

modulate RhoA activation as neuroblastoma cells treated with Aβ have increased RhoA 

activity and reduced Rac1 activity (Petratos et al., 2008). This also results in CRMP 

phosphorylation which leads to its inactivation that in turn decreases neurite outgrowth. 

This study also showed Aβ treatment of SH-SY5Y cells reduced neurite outgrowth (Petratos 
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et al., 2008). Therefore, the APP-L17C phenotype can be attributed to the increased 

production of Aβ that leads to RhoA activation and the subsequent reduction in neurite 

outgrowth. This mechanism can also be initiated due to Aβ induced suppression of Rac1 

activation having an inverse effect on RhoA activation as a result.  

Another mechanism by which Aβ is affecting neurite outgrowth is by increasing the 

expression of p75NTR. In transgenic AD mice the expression of p75NTR doubles in the 

hippocampal membranes (Chakravarthy et al., 2010). p75NTR is a mediator of cell death and 

a mediator or RhoA activation. ƴ-secretase cleavage of p75NTR results in the activation of 

RhoA and inhibits neurite outgrowth (Domeniconi et al., 2005). Since it is known that APP-

L17C has elevated Aβ levels, future studies needs to also look at the expression and 

processing of p75NTR in APP-L17C cells in order to elucidate if p75NTR is involved in the APP-

L17C phenotype.  

As mentioned in the introduction to this chapter, Aβ treatment increases  RhoA and a down 

regulation of HDAC (Tsushima et al., 2015). Exposure to Aβ reduces HDAC and a loss of 

HDAC leads to inhibition of axonal growth and a loss of axonal polarity (Tsushima et al., 

2015). Since RhoA signaling and levels are believed to be elevated in APP-L17C mutants the 

expression of HDAC should also be investigated to determine if Aβ is the causative agent 

responsible for the APP-L17C phenotype.  

The treatment of APP-L17C cells with the Rho inhibitor Y27632 increased neurite outgrowth 

and the loss of punctate perinuclear APP staining. This indicates that the inhibitor blocked 

the APP-L17C phenotype on both neurite outgrowth and APP trafficking. It is possible that 

Y27632 may be a very powerful promoter of neurite outgrowth and is not treating the 

underlying mechanism of the APP-L17C phenotype.  Y27632 inhibits the activity of ROCK; 

however it also inhibits other protein kinases such as protein kinase C-related kinase 1 and 

2. The effect of Y27632 has on theses kinases in term of how it affect cytoskeletal 

rearrangement is unknown (Davies et al., 2000). Another Rho inhibitor closely resembling 

Y27632, HA1077, inhibits protein kinase A; therefore testing other inhibitors of the 

Rho/ROCK signaling pathway needs to be conducted to validate the rescue of the APP-L17C 

phenotype through inhibition of RhoA (Ikenoya et al., 2002).     
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AICD is able to regulate genes related to apoptosis, survival and differentiation (discussed in 

chapter1.1.1.2). APP-L17C dimerisation is known to protect the CTF of APP from being 

cleaved by γ-secretase. This can affect APP ability to modulate gene expression through its 

AICD (Winkler et al., 2015). Since APP dimerisation affects neurite outgrowth, this chapter 

determines if APP dimerisation can regulate miRNAs regulating neurite outgrowth. miRNA 

regulates the expression of specific target mRNA through complimentary binding and 

degradation. Amongst its many different roles, miRNAs are known to have a potent role in 

neuronal development, plasticity and neurite outgrowth. To understand how APP 

dimerisation can affect the expression of miRNA, we need to review how it’s generated, its 

mechanism of action and what is currently known the relationship between APP and miRNA.  

5.1 MicroRNA and its Biogenesis 

MicroRNA (miRNA) is a short 22 nucleotide (nt) RNA sequences that bind to its 

complementary target RNA sequence, leading to the target RNA’s own down-regulation. 

Lin-4 was the first described miRNA, which was found to target proteins that control C. 

elegans larval development and this 22nt fragment was found to bind to multiple sites on 

the 3’UTR of lin-14 mRNA leading to the reduction in lin-14 protein expression which is 

known to have a role in C. elegans development (Lee et al., 1993; Wightman et al., 1991; 

Wightman et al., 1993). miRNA have a wide range of functions and operate in different 

species. It can control apoptosis and proliferation in flies, neuronal development in 

nematodes, hematopoietic differentiation in mammals and flowering in plants (Aukerman 

and Sakai, 2003; Brennecke et al., 2003; Chen et al., 2004; Johnston and Hobert, 2003). 

Approximately 1% of the genome encodes for miRNA, which makes it one of the largest 

gene families. According to the miRNA database there are currently 2588 miRNAs identified 

in humans to date.  There are >45,000 miRNA target sites within human 3'UTRs and this 

targets 60% of human protein-coding genes (Friedman et al., 2009; Lim et al., 2003). For 

example miR-1 and miR-124 can reduce many different target mRNA transcripts such as 

synaptogyrin 2 and twinfilin-1 which result in its down regulation (Janz and Sudhof, 1998; 

Lim et al., 2005; Vartiainen et al., 2003). This repression is typically mild, therefore miRNAs 

act as a fine tuner of gene and protein expression, resulting in a maximum of a 4-fold 
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decrease in protein levels (Baek et al., 2008; Guo et al., 2010; Lewis et al., 2003; Lim et al., 

2005; Selbach et al., 2008).  

5.1.1 Nuclear Translation and Processing 

miRNA biogenesis starts with RNA polymerase II (Lee et al., 2004c). Several miRNA loci are 

clustered together to form a cistronic transcription unit. These form approximately 70% of 

miRNA genes and are mainly found in exons. The cistronic transcription units are co-

transcribed but are post transcriptionally regulated (Lee et al., 2002; Rodriguez et al., 2004). 

The result of the transcription is a 1kb long transcript known as primary-miRNA (pri-miRNA) 

and it has a hairpin structure containing the miRNA. Following this event, RNase III Drosha 

and DiGeorge syndrome critical region 8 (DGCR8) (cofactor) complex to form a 

microprocessor that crops the stem-loop to release the 65nt hairpin shaped RNA.  The 

cleavage is 11bp away from the basal junction and 22bp away from the apical junction. It’s 

still unclear how it specifically interacts with the basal junction. This cropped RNA is known 

as pre-miRNA. A deletion of Drosha or DGCR8 leads to embryonic lethality, indicating its 

essential role in development (Chong et al., 2010; Denli et al., 2004; Gregory et al., 2004; 

Han et al., 2006; Lee et al., 2003b).  

5.1.1.1 Regulators of Nuclear Transcription 

Transcription factors such Myc, ZEB, RE1 silencing transcription factor (REST), DNA 

(cytosine-5)-methyltransferase 1, DNA (cytosine-5)-methyltransferase 3b  and p53 can up or 

down regulate various clusters of miRNA to affect RNA polymerase II transcription (Chang et 

al., 2008; Conaco et al., 2006; Han et al., 2007; He et al., 2007; Ma et al., 2010; O'Donnell et 

al., 2005). The microprocessor specificity, activity and abundance are controlled by specific 

mechanisms.  The phosphorylation of Drosha by GSK3β at Serine 300 and 302 results in 

nuclear localisation and acetylation inhibits its degradation (Tang et al., 2011; Tang et al., 

2013). Drosha processing can also be promoted by the binding of TAR DNA-binding protein 

43 (TDP43) to Drosha, causing it to stabilise and promote neuronal differentiation (Di Carlo 

et al., 2013).  The DGCR8 can be phosphorylated by ERK which leads to higher expression 

due to its stability. DGCR8 can also be modified by deacetylation through HDAC1 which 

leads to an increased affinity for pri-miRNA (Herbert et al., 2013; Wada et al., 2012).  
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Methyl-CpG binding protein 2 (MECP2) binds to DGCR8 to interfere with Drosha and DGCR8 

complex formation. MECP2 is dephosphorylated at Serine 80 upon depolarisation which 

leads to the release of DGCR8, and results in an up-regulation of miRNA related to 

promoting dendritic and spine growth (Hansen et al., 2010).  

Various proteins that bind to Drosha and/or pri-miRNA mediate Drosha processing. P53 

enhances maturation of certain miRNAs by interacting with Drosha through its interaction 

with DEAD-box RNA helicase p68 (Bates et al., 2005; Suzuki et al., 2009). Another regulator 

is the SMAD protein which is a signal transducer for transforming growth factor β (TGFβ). 

SMAD can directly bind to a subset of pri-miRNA and p68 related to TGFβ activation and this 

enhances their processing. Mutating the binding site impairs their processing by inhibiting 

the recruitment of Drosha, DGCR8 and SMAD (Davis et al., 2008a; Davis et al., 2010). Some 

proteins bind to the terminal loop to facilitate or inhibit Drosha processing. For example, 

KH-type splicing regulatory protein (KSRP) and Lin-28 promote the maturation of a miRNA 

subset and bind to pri-let-7 to interfere with Drosha and Dicer cleavage, respectively 

(Trabucchi et al., 2009; Viswanathan and Daley, 2010). SRp20 is able to bind to pri-miRNA 

via CNNC motif on the basal region to increase its processing. This motif is also able to bind 

to RNA helicase p72 to increase its processing by Drosha (Auyeung et al., 2013; Mori et al., 

2014).  Finally, the nuclear factor 90 (NF90) and NF45 protein complex bind with pri-miRNA 

and prevent it from being processed by the microprocessor complex (Sakamoto et al., 

2009). The process of miRNA biogenesis and its regulators within the nucleus is summarised 

in Figure 5.1 
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Figure 5.1 Schematic representation of biogenesis of miRNA and binding factors 

modulating miRNA maturation in the initial stages in the nucleus.  

RNA polymerase II (Pol II) transcribed pri-miRNA to be cropped by the microprocessor 

complex (Drosha and DGCR8) and exportin 5 in complex with RAN-GTP. ZEB;  Zinc finger E-

box-binding homeobox 1, REST1; RE1 silencing transcription factor, KSRP; KH-type splicing 

regulatory protein NF; nuclear factor, GSK3β; Glycogen synthase kinase 3 beta, TDP43; TAR 

DNA-binding protein 43, HDAC; histone deacetylase, ERK; extracellular signal–regulated 

kinases  
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5.1.2 Cytosolic Processing 

The pre-miRNA is now exported to the cytoplasm by exportin 5 and RAN-GTP protein 

through the nuclear pore complex for further maturation. Upon entering the cytosol, GTP is 

hydrolysed by RanGAP1 and RanBP1 and the pre-miRNA is released (Becker et al., 1995; 

Bischoff et al., 1995a; Bischoff et al., 1995b). A knock down of exportin-5 reduces miRNA 

levels but miRNA does not accumulate in the nucleus, which indicates exportin-5 also 

protects miRNA from nucleolytic degradation (Bohnsack et al., 2004; Yi et al., 2003). Once 

it's released into the cytosol the pre-miRNA is cleaved by Dicer-1 at the terminal loop to 

produce the 22nt RNA duplex fragment. Dicer-1 specifically splices miRNA whereas Dicer-2 

is specific for siRNA (Hutvagner et al., 2001; Ketting et al., 2001; Lee et al., 2004d). Dicer has 

several domains, which include the DExH RNA helicase, the DUF283, PAZ signatures , two 

neighbouring RNase III-like domains and a dsRNA‐binding domain (RBD) (Burdisso et al., 

2012; Kolb et al., 2005; Kurzynska-Kokorniak et al., 2016; Takeshita et al., 2007; Zhang et al., 

2004). The C-terminal RNase III domain forms a dimer to create a catalytic site and the N-

terminal contains a RNA-deadbox helicase domain and a PAZ domain that binds to the pre-

miRNA. The distance between the PAZ domain and the RNase III domain ensures the RNA 

that is produced is approximately 22nt (Macrae et al., 2006; Tian et al., 2014; Tsutsumi et 

al., 2011; Yan et al., 2003; Zhang et al., 2004). Dicer deletion also results in growth defects, 

deficits in brain development and early death (Davis et al., 2008b; Huang et al., 2010; 

Kawase-Koga et al., 2009). Dicer-1 KO embryonic stem cells results shows a strong defect in 

proliferation and differentiation , indicating miRNA has a prominent role in growth and 

differentiation (Kanellopoulou et al., 2005; Murchison et al., 2005).  

The 22nt duplex miRNA product from Dicer-1 cleavage complexes with the Argonaute family 

of proteins (AGO) to form a RNA-induced silencing complex (RISC) (Forstemann et al., 2007; 

Steiner et al., 2007). The assembly of the RISC complex involves two steps; the loading and 

unwinding of miRNA duplexes. After inserting RNA into AGO1 the strand unwinds to create 

two strands, after which a single strand is retained and the other discarded. The retained 

strand is known as the guide strand and the discarded one is the passenger strand. A RISC 

containing the duplex is the pre-RISC, whereas if it contains the guide strand it’s known as 

the mature RISC. The selection of which strand is retained is determined by the 
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thermodynamic stability at the first 1-5 bases. The less stable strand at the 5’ end is selected 

as a guide, whereas the stable strand is discarded and degraded (Czech et al., 2009; Hu et 

al., 2009; Kawamata et al., 2009; Khvorova et al., 2003; Miyoshi et al., 2005; Schwarz et al., 

2003). In humans there are four AGO proteins (AGO1-4) and they can all interact with siRNA 

and miRNA. Each AGO member associate equally with miRNA however there are certain 

subsets of miRNA that are preferentially sorted into different AGO proteins. An example 

would be that miR142 is preferentially sorted into AGO2 and miR29a into AGO1 (Burroughs 

et al., 2011). miRNA length seems to also have a sorting mechanism, for instance, Ago1 

associates with 24nt fragments, whereas Ago2 associates largely with 22nt fragments 

(Dueck et al., 2012) . The AGO proteins preferentially bind to RNA duplexes with mismatches 

at position 2-8 and 12-15 in order to promote the unwinding of miRNA, and the passenger 

strands can be cleaved if the passenger strands match at the centre and bind AGO2 only. 

This is not common since most miRNA duplexes have mismatched centres (prevents 

splicing) and only AGO2 has cleavage properties (Rand et al., 2005). The exact mechanism of 

removing the degrading passenger miRNA strand has yet to be revealed.  The processing of 

miRNA in the cytosol is schematically represented in Figure 5.2. 

The structure of AGO is comprised of two lobes: an N-terminal lobe within the N-terminal 

domain and a PAZ domain, and a C-terminal lobe with a middle domain and a P-element-

induced wimpy testis (PIWI) domain (Parker et al., 2005; Song et al., 2004; Wang et al., 

2008b). In AGO2, the guide miRNA is anchored between the middle and PIWI domain with 

the 5’ end interacting with the middle domain and the 3’ end running through the PIWI 

domain to bind to the PAZ domain. It has an A-form helix conformation that accommodates 

scanning of target mRNA of complementary sequence (Elkayam et al., 2012; Ma et al., 2005; 

Schirle and MacRae, 2012; Wang et al., 2008b). The PIWI contains an active ribonuclease H 

cleaving site for target mRNA between position 10 and 11. This study showed KO AGO2 

mice have developmental abnormalities (Liu et al., 2004; Parker et al., 2005). AGO2 is able 

to cleave a matched target but the other AGO proteins induce repression by either mRNA 

degradation or interfering with translation machinery (Liu et al., 2004). These mechanisms 

will be discussed in chapter 5.2. 
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5.1.2.1 Regulators of Cytosolic Processing 

Regulators of Dicer: As mentioned in chapter 5.1.1.1, Lin-28 and KSRP can regulate the 

splicing of Drosha and Dicer however there are other modulators of Dicer splicing.  

Loquacious (Loqs) isoforms Loqs-PA and Loqs-PB binds to Drosophila Dicer-1 complex 

through the third double stranded RNA binding domain of Loqs (Jakob et al., 2016). Both 

isoforms are required for miRNA maturation. Loqs-PB enables a certain subset of miRNA to 

be produced and also modifies Dicer to produce different lengths of miRNA to form 

different isoforms (Forstemann et al., 2005; Fukunaga et al., 2012; Saito et al., 2005). TAR 

RNA-binding protein (TRBP) associates with Dicer and can promote the maturation of 

certain miRNA and change the length of miRNA; however it is not essential for Dicer 

processing. Phosphorylation of TRBP by ERK results in a down regulation of let-7 miRNA, 

which leads to cell proliferation, and an up-regulation of other growth promoting miRNA, 

thus implicating miRNA as a downstream effector of the MAPK/ERK pathway  (Johnson et 

al., 2007; Lee and Doudna, 2012; Yu et al., 2007).  

Regulators of AGO activity: Propyl 4-hydroxylation by type I collagen propyl 4-hydroxylase of 

AGO leads to the stabilisation of AGO. Reducing the stability of AGO by reducing 

hydroxylase activity results in a reduction in RISC activity (Qi et al., 2008). Phosphorylation 

of AGO2 at serine 387 by MAPK-activated protein kinase 2 results in the localisation of 

AGO2 to processing bodies where its activity and phosphorylation is increased by AKT3 and 

this results in translational repression (Horman et al., 2013; Zeng et al., 2008).  

Phosphorylation by EGFR at tyrosine 393 results in AGO2 and Dicer dissociation, which 

further results in a reduction in pre-miRNA (Shen et al., 2013). Ubiquitination of AGO results 

in degradation by proteasomes. Lin-41 is an ubiquitin ligase targeting AGO2. The 

overexpression Lin-41 results in AGO2 reduction and depletion of Lin-41 results in AGO2 up 

regulation (Rybak et al., 2009; Smibert et al., 2013). The GW182 family of proteins interact 

with AGO proteins and are necessary for miRNA mediated translational repression. Deletion 

of GW182 prevents mRNA suppression, thus GW182 is a vital component of the repressor 

complex (Eulalio et al., 2008; Eulalio et al., 2009).  
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Figure 5.2 Schematic representation of biogenesis of miRNA and binding factors 

modulating miRNA maturation in the later stages in the cytosol.  

After exiting the nucleus, RAN-GTP is hydrolysed by RanGAP1 and RanBP1 to release the 

pre-miRNA to be cleaved by Dicer-1. Mature double stranded miRNA is loaded into AGO to 

form a pre-RISC complex. The miRNA then unwinds to release a single strand to form a 

mature-RISC complex. AGO; Argonaute, RISC; RNA-induced silencing complex.  
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5.1.3 Modification of miRNA to modulate processing 

Various factors are able to bind to miRNA directly to modify its processing. Arsenic 

resistance protein 2 (Ars2) binds to pri-miRNA to protect it from degradation by capping the 

transcripts. This enables the pri-miRNA to be delivered to the microprocessor complex for 

further processing. Depletion of Ars2 leads to a decrease in miRNA mediated cell 

transformation and cell proliferation (Gruber et al., 2009). Another miRNA binding factor, 

Splicing factor 2, interacts with pri-miRNA-7 to enhance Drosha cleavage. This study 

demonstrated miR-221 and miR-222 is regulated by splice factor 2 (Wu et al., 2010). 

Uridylation and adenylation of RNA can also affect its processing by Dicer. Terminal uridylyl 

transferases 4 induces uridylation of pre-let-7 to block Dicer processing and promotes its 

decay (Hagan et al., 2009; Heo et al., 2008; Heo et al., 2009). Adenosine deaminases, 

specifically Adenosine deaminases acting on RNA, are able to edit the stem region of miRNA 

to interfere with Drosha and Dicer processing. Pri-miR-142 can be deaminated which led to 

its degradation by RISC (Yang et al., 2006).  RNA methylation can interfere with Dicer 

processing. An RNA-methyltransferase, BCDIN3D, methylates pre-miR-145 which leads to 

reduced processing by Dicer (Xhemalce et al., 2012). miRNA synthesis can also be supressed 

by cleavage of the terminal loop of pre-miRNA by the endoribonuclease MCPIP1, or 

cleavage by exonuclease, PNPT1.  It can cause degradation of a range of pre-miRNA and 

mature miRNA, such as miR-221 and miR-155 (Das et al., 2010; Suzuki et al., 2011).  

5.2 Mechanism of action 

There are two main mechanisms by which miRNA are able to suppress the expression of 

mRNA: translation repression and miRNA degradation. Each mechanism has several modes 

of action and will be discussed below.  

Translational Repression- The suppression of mRNA before being translated occurs at the 

ribosomes.  miRNA targets are able to still interact with polyribosomes but the addition of 

the miRNA causes a two-fold decrease in the efficiency of translation read through for stop 

codons distant to the RNA binding site. This results in a suppression of translation and 

causes premature termination or an increase in drop off from ribosomes at multiple sites in 

the open reading frame. This study found that only a small increase in ribosome drop off can 
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cause a significant decrease in protein synthesis (Nottrott et al., 2006; Petersen et al., 2006). 

Another model of translational repression has been proposed that involves the 5’ and 3’ 

binding proteins. mRNA requires a 3’ poly(A)tail and a 5’ cap structure (m7GpppN) for 

translation. The 5’ cap structure binds with eukaryotic translation initiation factor (eIF) 

complex, eIF4F, which is composed of eIF4E, eIF4A and eIF4G. As the name suggests, eIF 

promotes the translation of the mRNA that it binds to by directing the mRNA to the 

ribosomes (Gingras et al., 1999; Pestova et al., 2001). eIF4F is a scaffolding protein that 

binds to poly (A) binding protein (PABP). PABP is at the 3’ end of nonadenylated mRNA and 

stimulates mRNA translation (Craig et al., 1998; Gray et al., 2000). The result of eIF and PABP 

association is the formation of circular mRNA which is protected from degradation and 

stimulates translation. Evidence suggests that miRNA interferes with the eIF4F complex 

leading to a down regulation of translation. Disrupting the 5’ cap structure and poly(A) tail 

impairs miRNA mediated repression. Furthermore, miRNA was shown to impair the 

recruitment of eIF4E.  eIF4E mediates the binding of the eIF4F complex to the 5’ cap 

m7GpppN, therefore preventing this interaction will supress mRNA translation (Humphreys 

et al., 2005). Other studies have also shown miRNA inhibited the loading of mRNA on to the 

polysomes, possibly due to the blocking of polyribosome initiation (Pillai et al., 2005; Richter 

and Sonenberg, 2005). A schematic representation of miRNA mediated translation 

repression is found in Figure 5.3. 

miRNA Degradation- If there is perfect base pair matching then cleavage of the target mRNA 

by AGO2 is between the pairing nucleotide at residue 10 and 11 of the miRNA (Elbashir et 

al., 2001; Liu et al., 2004). The complementarity of miRNA to its target is mostly partial in 

animals, therefore AGO2 slicing of target mRNA is rare. The major contributor of miRNA 

degradation is the 5’ to 3’ mRNA decay pathway. This pathway involves the increased 

deadenylation and decapping of target mRNA by miRNA, which is mediated by GW182 

(Behm-Ansmant et al., 2006).  GW182 is bound to AGO1 via the PIWI domain and is 

necessary for mRNA suppression as deletion of GW182 or AGO1 increases target mRNA 

levels. GW182 is an important mediator as it promotes deadenylation by the recruitment of 

the CCR4:NOT deadenylase complex,  which results in the removal of the poly(A) tail (Wu et 

al., 2006). Following deadenylation, SM-like protein (Lsm1 to 7) associate with the mRNA to 

recruit decapping proteins and the exonuclease XRN1 (Bouveret et al., 2000; Ingelfinger et 
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al., 2002; Tharun et al., 2000; Tharun and Parker, 2001).  Decapping of the 5’ cap structure 

(m7GpppN) by the decapping protein 1 and decapping protein 2 complex (DC1:DC2 

complex) is quickly followed by degradation by the exonuclease XRN1. In C. elegans a 

knockdown of XRN1 dampens the effect of mRNA degradation mediated by miRNA and the 

mRNA that remained were only partially degraded (Bagga et al., 2005). The major sites of 

miRNA degradation are in P-body formations. Dominant negative AGO2 and GW182 

expression prevents  P-body formation as well as RNA silencing, which indicates these are 

the sites of RNA degradation (Jakymiw et al., 2005),  The major components of the P-bodies 

include AGO, GW182, DCP1:DCP2 complex and XRM1 (Cougot et al., 2004; Eystathioy et al., 

2003; Sen and Blau, 2005; Sheth and Parker, 2003). Furthermore, miRNA is able to target 

mRNA to P-bodies and microscopic quantitation shows greater than 20% of the targeted 

mRNA is concentrated in these P-bodies. The majority of let-7 miRNA target mRNA was in 

the P-bodies (Liu et al., 2005; Pillai et al., 2005). A schematic representation of miRNA 

mediated degradation is shown in Figure 5.4.  

In these two models of miRNA mediated mRNA suppression, mRNA degradation seems to 

be the major contributor. Several studies have compared translational repression vs. 

degradation. It revealed a correlation between mRNA and protein, where only a small 

portion of targets were repressed via translation repression (Baek et al., 2008; Selbach et al., 

2008). Further studies have supported this idea as transfection of miR-124 in HEK293 cells 

resulted in mRNA suppression in which mRNA degradation accounted for greater than 75% 

of the change and that the remaining mRNA was not translated efficiently (Guo et al., 2010; 

Hendrickson et al., 2009). 
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Figure 5.3 Schematic representation of miRNA mediated translation repression.  

2 different models of translational repression include ribosome drop-off and initiation block. 

miRNA interacts with the polyribosomes to increase drop-off resulting in the premature 

termination of mRNA translation. miRNA target eukaryotic translation initiation factor (eIF) 

complex to inhibit it association and recruitment of polyribosomes. PABP; poly(A) binding 

protein, RISC; RNA-induced silencing complex. Green line represents the RISC complex 

target proteins 
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Figure 5.4 Schematic representation of miRNA mediated mRNA degradation. 

AGO2 cleavage involves the binding of the AGO2-RISC complex to perfectly matched 

sequences to cause cleavage of the target mRNA. Seed mediated cleavage involves Ago;RISC 

complex binding to the target RNA. This is followed by deadenylation by CCR4:NOT. This is 

followed by the recruitment of LSM1-7 to then further recruit DC1:DC2 complex to remove 

the 5’ cap m7GpppN and XRN1 to cleave the target sequence. PABP; poly (A) binding 

protein, AGO; Argonaute, XRN1; 5'-3' exoribonuclease 1, RISC; RNA-induced silencing 

complex.  
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5.3 MicroRNA and Neuronal Development 

The importance of miRNA is demonstrated through the deletion of a Dicer and Drosha. This 

leads to neural development defects, apoptosis and early death (Berdnik et al., 2008; Davis 

et al., 2008b; Kanellopoulou et al., 2005; Lee et al., 2003b; Murchison et al., 2005). This 

indicates that the miRNA is vital for normal development and can be implicated in disease. 

For example, Dicer deletion results in hyper phosphorylation of Tau and subsequent 

formation of neurofibrillary tangles, which is associated with Alzheimer’s disease (Hebert et 

al., 2010). 

Developing and mature neurons of the CNS exhibit certain miRNA expression profiles. 210 

miRNA’s were identified to having lower expression at the initial stages of development and 

increase in later stages of development in cultured hippocampal neurons. (van Spronsen et 

al., 2013). While many miRNAs have been identified, their specific effects on function 

remain to be determined. There are also different expression patterns for proliferation and 

differentiation (Kapsimali et al., 2007). Some examples of those involved in neuronal 

development will be discussed here. The onset of neuronal differentiation of embryonic 

stem cells correlates with an up regulation of miR-124 and miR-9. HeLa cells transfected 

with miR-124 supresses non neuronal mRNA leading to a neuronal profile. Such targets of 

miR-124 include neuronal restricted silencing factor and Polypyrimidine tract-binding 

protein 1 which are both anti-neural factors (Conaco et al., 2006; Krichevsky et al., 2006; 

Makeyev et al., 2007b; Visvanathan et al., 2007). MiR-125 is also involved in differentiation 

as its up-regulation correlated with differentiation towards a neuronal lineage in the P19 

cell line (mouse embryonic tetracarcinoma) (Wu and Belasco, 2005). It regulates the 

expression of lin-28, which is involved in brain development as lin-28 levels are severely 

decreased upon brain development. In hippocampal neurons down regulation of miR-125b 

decreased the width of dendritic spines while its up-regulation led to the formation of 

narrow spines, indicating that miR-125b can regulate the actin cytoskeleton (Edbauer et al., 

2010). Another target for miR-125b is the NMDAR subunit NR2A. miR-125b up regulation 

caused a reduction of the miniature excitatory postsynaptic currents (mEPSCs), which is an 

indicator of synaptic strength (Edbauer et al., 2010). A loss of miR-125b is associated with an 

increase in RhoA mRNA, which may lead to a change in spine morphology (Braga et al., 
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2015; Tashiro and Yuste, 2004). MiR-133b can promote neuronal differentiation of 

embryonic stem cells into dopaminergic neurons (Kim et al., 2007). The midbrain of 

Parkinson’s disease patients is deficient in the expression of miR-133b (Kim et al., 2007).  

Dicer 1 ablation results in a reduction of miRNA subsets such as miR-124, miR-132, 137 and 

miR29a/c. In mature neurons, Dicer1 deletion results in an improvement in learning, 

memory and plasticity (Konopka et al., 2010). This correlated with an increase in protein 

expression of BDNF and MMP-9, which are crucial for plasticity and memory (An et al., 2008; 

Konopka et al., 2010; Nagy et al., 2006). This is apparent upon neuronal activity where the 

levels of miRNA are reduced, which indicates miRNAs are suppressing plasticity until 

neuronal activity negates this inhibitory effect of miRNA on plasticity. Another study also 

suggest that miRNA subsets are down regulated upon neuronal activity; however they also 

found some to be up regulated which include miR-191 and miR-146 (van Spronsen et al., 

2013). Some well-studied miRNAs involved in activity dependant up regulation are miR-132 

and miR-134 which are known to enhance neuronal plasticity (Magill et al., 2010; Mellios et 

al., 2011; Wayman et al., 2008). Signalling through BDNF enhances miR-132 levels, which 

further supports its role in plasticity. The localisation of miRNAs provides evidence for their 

role on plasticity as P-bodies are localised in the dendrites and spines of differentiated 

neurons. mEPSCs are increased upon over-expression of miR-132  (Hansen et al., 2010; 

Impey et al., 2010; Magill et al., 2010; Vo et al., 2005). The CREB transcription factor is able 

to up regulate miR-132 and interestingly miR-132 can amplify CREB activity in a positive 

feedback loop to promote dendritic plasticity (Wayman et al., 2008). Deacetylase Sirtuin 1 

(SIRT1) can promote plasticity in the hippocampus however it is a target for miR-132 and 

miR-34c. Sirt1 mediates its effect by supressing miR-134, leading to an increase in CREB 

signalling and BDNF expression (Gao et al., 2010; Strum et al., 2009; Zovoilis et al., 2011). 

Dendritic development can be mediated by miR-134 and its target mRNA coding for LIMK1. 

LIMK1 deactivates cofilin, which results in actin polymerisation. The up regulation of miR-

134 reduces spine growth. Also the localisation of Limk1 mRNA and miR-134 in dendrites 

supports their role in dendritic maturation and plasticity (Schratt et al., 2006). Another 

target of miR-134 is Pumilio 2 (PUM2) which is found in dendritic or axonal compartments 

and is up regulated upon synaptic activity. PUM2 is necessary for dendritic outgrowth in 

peripheral neurons, synaptogenesis and also mediates neuronal excitability (Menon et al., 
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2004; Schweers et al., 2002; Ye et al., 2004). Therefore miR-134 can modulate neuronal 

morphology through the down regulation of PUM2 (Fiore et al., 2014) 

Armitage, a RISC associated protein that enhances miRNA processing, is degraded at the 

synapse upon neuronal activity (Ashraf et al., 2006). Its mammalian homolog, Moloney 

leukemia virus 10 proteins (MOV10), is processed similarly in rat hippocampal neurons to up 

regulate miRNA species related to differentiation and neurite outgrowth.  MOV10 is 

localised at the synapse and upon depolarisation its expression is decreased. When MOV10  

was supressed mRNA of alpha-CaMKII, Limk1, and the depalmitoylating enzyme 

lysophospholipase1 entered the polysome. This study also found lysophospholipase1 is a 

target of miR-138 (Banerjee et al., 2009).  P-bodies are major sites of mRNA degradation and 

the existence of dendritic P-bodies that are similar in composition to normal P-bodies 

except for the absence of XRN exonuclease and presence of rRNA. Upon neuronal activity 

these structure move to distant sites and exchange DCP1 and Ago2 resulting in less DCP1 

and Ago2 in the P-bodies. Interestingly, miR-128 was also found in these P-bodies and this 

particular miRNA is enriched in neurons to promote differentiation, neurite outgrowth and 

migration (Franzoni et al., 2015; Santos et al., 2016; Smirnova et al., 2005; Zhang et al., 

2016). Given the lack to XRN, DCP1 and Ago2, these P-bodies may serve to transport mRNA 

and regulate miRNA species related to neurite outgrowth and differentiation (Cougot et al., 

2008).  

5.4 miRNA, Alzheimer’s disease and APP 

The effect of miRNA on the development and maintenance of neurons spurred research into 

neurodegenerative diseases and the impact of miRNA expression levels. For Alzheimer’s 

disease there is differential expression of a subset of miRNAs. Key miRNAs are: miR-200c, -

212, -26a, -27a, -30c, -30e-5p, -34a, -381, -422a, -423, -9 and -92, which were differentially 

expressed in the hippocampus and the medial front gyrus. MiR-145, -148a, -200c, -210, -

26a, -30c, -30e, -423, and -92 were differentially expressed in the hippocampus and/or 

medial front gyrus but not in the cerebellum. MiR-100, -125b, -132, -146b, -212, -27a, -27b, -

34a, -381, -422a, -425, -9 were differentially regulated in the cerebellum (Cogswell et al., 

2008). In all areas tested, miR-132 is down regulated approximately two fold. As discussed 
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previously, miR-132 has been shown to promote neurite outgrowth, dendritic spine 

development and synaptic plasticity (Konopka et al., 2010). miR-125b which has been shown 

to be associated with AD, can reduce spine growth (Le et al., 2009). A subset of miRNAs, 

miR-9, miR-124a, miR-125b, miR-128, miR-132 and miR-219 were shown to be differentially 

expressed in AD hippocampus tissue (Lukiw, 2007), others including miRNA-7, miRNA-9, 

miRNA-34a, miRNA-125b, miRNA-146a and miRNA-155 were shown to be up-regulated in 

sporadic AD brains (Zhao et al., 2015).  

miR-29a/b are up-regulated in the medial frontal gyrus and its known they can promote 

differentiation by suppressing the RE-1 silencing factor which is a neuronal gene suppressor 

(Duan et al., 2014; Zou et al., 2015). miR-29a/b's up regulation in AD may suggest this could 

be a response to neuronal apoptosis, which is consistent with miR-29b being 

neuroprotective in diabetic neuropathy, ischemic stroke and spinal cord injury (Khanna et 

al., 2013; Liu et al., 2015; Zhang et al., 2014b). In contrast, another study demonstrated that 

in AD brains there is a decrease in miR-29a and an enhancement of neuron navigator 3 

expression, which has a role in axon guidance (Shioya et al., 2010). Moreover, decreased 

miR29a/b in AD brain correlated with an increase in BACE1 expression (Hebert et al., 2008) 

while a relationship between miR29a/b expression and Aβ generation was identified in cell 

culture (Hebert et al., 2008).   A third isoform, miR-29c, was found to be decreased in AD 

blood along with an increase in BACE1 expression (Yang et al., 2015), and up-regulated in 

AD-transgenic mice, which was associated with an increase in learning and memory 

suggesting its potential roles in neuroplasticity and neuroprotection (Lei et al., 2015; Yang et 

al., 2015).  

Other studies have also focused on miRNAs and the regulation of BACE in AD. MiR-107 

expression was significantly decreased in AD brains. BACE1 mRNA contained several binding 

sites for miR-107 and there was a correlation between an increase in BACE1 levels and a 

decrease in miR-107, suggesting miR-107 is involved in the progression of AD (Wang et al., 

2008a). Other miRNAs that regulate BACE and are down-regulated in AD brain or AD models 

include miR-339 (Long et al., 2014), miR-107 (Wang et al., 2008a), miR-195 (Zhu et al., 

2012), miR298, miR-328 (Boissonneault et al., 2009). In AD mouse models miR-135a, miR-

200b and miR-384 is down regulated in the hippocampus, CSF and serum. MiR-135a directly 

repressed the expression of BACE1; miR-200b targeted the 3’ UTR of APP and miR-384 



The Effect of APP Dimerisation on MicroRNA Expression and associated 
neurite outgrowth 

      

  
 

 143 Chapter 5  

 
 

targets both BACE1 and APP (Liu et al., 2014a; Liu et al., 2014c). The regulation of miR-384 

expression may be due to increased Aβ levels, instead of a response to disease state, as 

treatment with Aβ down-regulated miR-384 (Liu et al., 2014a; Liu et al., 2014c).  In PC12 

cells miR-124 targeted BACE1. In drosophila models of AD miR-124 was down regulated, 

thus linking miR-124 in the pathogenesis of AD. Mir-124 has a role in differentiation, neurite 

outgrowth and neurogenesis. This could be attributes to the other targets of miR-124, 

including Cdc42 and Rac1. As mentioned previously these Rho GTPase have a large role in 

neurite outgrowth (Fang et al., 2012; Gu et al., 2015; Hartmann et al., 2015; Maiorano and 

Mallamaci, 2009; Shtukmaster et al., 2016; Yu et al., 2008a). MiR-16 targets APP and its over 

or under expression in cell lines and primary cultures led to a decrease and increase in 

apoptosis, respectively (Zhang et al., 2015). MiR-33 can increase Aβ indirectly by preventing 

the efflux of cholesterol (Chen et al., 2016). It’s believed that high cholesterol levels lead to 

the formation of lipid rafts which are the main sites of BACE activity and this may explain 

why those with an APOE4 mutation have an increased risk of AD (Baum et al., 2000; Bouillot 

et al., 1996; Carter et al., 2001; Lee et al., 1998; Runz et al., 2002; Zhang et al., 2015). 

Therefore, miRNA that down regulate BACE1 could be a therapeutic target for AD.   

The α-secretase ADAM10 is regulated by miRNA. MiR-144 is overexpressed in AD brain and 

binds to the UTR of ADAM10, leading to its down-regulation (Cheng et al., 2013). 

Computational analysis shows miR-103 and miR-107 is associated with AD. MiRNA binding 

sites for ADAM10 was predicted using miRanda, RNAhybrid and RNA22. These selected 

miRNA were further filtered for their association with AD using the AlzGene database. miR-

103 and miR-107 could significantly down regulate ADAM10 expression by approximately 

50% in cell culture models (Augustin et al., 2012). Many other miRNA  were found to 

regulate ADAM, however the study focused upon their effect on cancer proliferation and 

invasion (Chang et al., 2015; Ergun et al., 2015; Jing et al., 2016a; Jing et al., 2016b; Kai et al., 

2014; Liu et al., 2016c; Wu et al., 2016a; Wu et al., 2016b) 

The APP AICD can regulate numerous genes such as GSK3β, p53, Neprilysin and EGFR (Alves 

da Costa et al., 2006; Pardossi-Piquard et al., 2005; Ryan and Pimplikar, 2005; Zhang et al., 

2007).  The role of APP intracellular signalling on the regulation of miRNA expression is less 

developed. Chromatin immunoprecipitation studies demonstrated that the AICD binds to 

the regulatory regions of miR-663, miR-3648 and miR-3687 to cause its up regulation (Shu et 
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al., 2015a). miR-663, which can regulate neurogenesis (Shu et al., 2015b), was shown to 

suppress neuronal differentiation in neural stem cells, suggesting AICD can negatively 

regulate neuronal differentiation by modulating the expression of miR-663 (Ma et al., 2008; 

Shu et al., 2015a). APP suppresses miR-574 expression which results in the inhibition of 

neurogenesis (Zhang et al., 2014a). Mir-574 over expression resulted in an increase in 

neurogenesis but a reduction in the neural progenitor pool in mouse brain (Zhang et al., 

2014a).  

5.5 MicroRNA and Rho GTPase 

MiRNAs can regulate Rho GTPase signalling pathways. The targeting of RhoA or Rac1 by 

miRNA can affect cancer metastasis. miR-146a, miR-151, miR-200b/c, miR-429,  miR-224 

and mir-125a can target  RhoA or Rac1  to supress migration, metastasis and invasion  (Chen 

et al., 2015a; Geng et al., 2016; Huang et al., 2013; Liu et al., 2016b; Ma and Xue, 2016; 

Wong et al., 2015).  MiRNA can also function in vascular damage. Upon hypoxia or 

haemorrhage, miR-124 and miR-141 was highly up-regulated. This study shows that miR-124 

was able to target Rac1 3’ UTR and that miR-141 was able to target RhoA. Interestingly, 

these miRNA were able to negatively regulate each other’s expression via the transcription 

factors, Egr-1 and Nrf-2. This may explain the ability of RhoA and Rac1 to inversely regulate 

each other expression as previously discussed in chapter 4 (Liu et al., 2016a).  

In relation to neuronal effects miR-138 can decrease spine size by targeting acyl protein 

thioesterase 1 (Siegel et al., 2009b). This enzyme has a role in depalmitoylation of proteins, 

such as Gα12/13, which is a RhoA activator. Therefore, the down regulation of acyl protein 

thioesterase 1 leads to the activation of RhoA signalling cascade. As discussed in chapter 4.4 

RhoA activation cause F-actin depolymerisation and spine shrinkage (Dutt et al., 2004; Siegel 

et al., 2009a; Yuan et al., 2016).  

Mir-132 can promote plasticity and dendritic spine development, and the up regulation of 

miR-132 suppresses p250 GAP (a GTPase-activating protein for Rho family GTPases 

(Wayman et al., 2008) leading to the activation of Rac1-PAK signalling which increases  the 

number of neurites, dendritic lengths and dendritic spine width (Impey et al., 2010; 

Wayman et al., 2008) 
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MiR-124 enhances neuronal differentiation and this can be mediated through RhoA/ROCK1 

signalling (Wang et al., 2016). In M17 cells, miR-124 targets ROCK1 to supress neurite 

outgrowth through the activation of PI3K signalling (Gu et al., 2014). Other studies that 

support this finding used adipose derived mesenchymal stem cells. Upon differentiation, 

miR-124 is up-regulated and targets RhoA causing its down-regulation. It is believed this is 

how miR-124 induces neuronal differentiation by inhibiting the RhoA signalling pathway 

(Wang et al., 2016).  

MiR-133b promotes stem cell differentiation into a dopaminergic lineage and this may be 

relevant to Parkinson’s disease. A possible mechanism by which miR-133b mediates this 

effect could be through its modulation of RhoA.  In a Parkinson’s Disease cell culture model 

using the neurotoxin 1-methyl-4-phenyl-pyridinium, transduction of miR-133b was able to 

alleviate the effects of 1-methyl-4-phenyl-pyridinium -induced axon degeneration and 

reduces the expression of α-synuclein (Niu et al., 2016). This process could rely on the 

inhibition of RhoA and other studies showed that miR-133b promotes neurite outgrowth via 

the down regulation of RhoA (Lu et al., 2015b; Niu et al., 2016). Furthermore, miR-133b is 

able to improve recovery after spinal cord injury and the effects are believed to be through 

the down regulation of RhoA since the transfection of miR133b during injury led to a down 

regulation in RhoA (Theis et al., 2016; Yu et al., 2011). 

The mechanism by which APP-L17C affects neurite outgrowth can be through APP or AICD 

mediated miRNA expression. It is not known whether APP dimerisation can affect miRNA 

expression. This study will determine if APP-L17C dimerisation mutants causes differential 

expression of miRNA in order to elucidate the mechanism by which APP dimerisation 

modulates neurite outgrowth. Furthermore, this chapter will focus on specific miRNA’s that 

have a role in neurite outgrowth in the APP-L17C mutant and determine if there is a novel 

link between miRNA expression and RhoA activity. This study used an unbiased genome 

wide analysis of differentially expressed miRNA in APP-L17C cells and also uses a candidate 

approach to test the differential expression of miRNA related to neurite outgrowth. Finally, 

viral transduction was used to up regulate miRNA shown to be severely down regulated by 

APP-L17C dimerisation. 
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5.6 Results 

5.6.1 The role of miRNAs in APP-L17C mediated inhibition of neurite 

outgrowth  

To determine if the APP-L17C mutation is causing differential expression of miRNAs, 

genome wide miRNA sequencing was performed on SH-SY5Y cells. This was conducted using 

the Ion Torrent Next Generation Sequencing machine from ThermoFischer Scientific. RNA 

samples from SH-SY5Y cell line transfected with either vector control, APPwt and APP-L17C 

were collected using Qiazol lysis buffer. Quality and quantity of harvested RNA was then 

assessed using a Bioanalyser instrument. Small RNA was then enriched using Nucleic acid 

binding beads and then analysed again using the Bioanalyser. Reverse transcription was 

performed to obtain cDNA, followed by purification by using Nucleic acid binding beads. The 

cDNA was amplified and again purified for small fragments. Amplified cDNA was analysed 

for yield and size prior to being loaded onto Ion Sphere Particles. These ion sphere particles 

loaded with the cDNA were enriched and finally sequenced using Personal Genome 

Sequencing.  The sequencing data was analysed using Partek flow for expression levels, 

significance and reads.  The results for the top 25 down regulated and top 25 up regulated 

miRNA in the APP-L17C vs. vector control (Table 5.1), APP-L17C vs. APPwt (Table 5.2) and 

APPwt vs. vector control (Table 5.3) are presented.  

This method provides an unbiased approach to determine differentially expressed miRNA in 

the APP-L17C transfected cell line. The APPwt cell line analysis was used as the control 

sample for the mutant APP-L17C while, vector control cell line was compared to APPwt to 

ensure the changes seen in APP-L17C were not attributed to APPwt transfection. Any miRNA 

in APP-L17C that were highly up or down regulated and have a known role in differentiation 

and neurite outgrowth were further investigated using qRT-PCR. Some of these include miR-

34a, miR-135b, miR-124 and miR-33a.  
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Table 5.1 Top 25  up regulated and top 25 down regulated expressed miRNA in  APP-L17C 
Mutant vs. SH-SY5Y vector control at 7 and 14 days of differentiation using retinoic acid 

Gene symbol 
Total 
reads 

APP-L17C vs. vector control  
(7 days) 

APP-L17C vs. vector control  
(14 days) 

p-value 
Fold 

change  
p-value Fold change  

hsa-miR-34a-5p 2584.00 0.00 -120.56 0.00 -96.28 

hsa-miR-135b-5p 98.00 0.02 -11.61 0.00 -27.79 

hsa-miR-124-3p 3264.00 0.00 -3.38 0.00 -12.07 

hsa-miR-33a-5p 259.00 0.00 -2.12 0.00 -9.39 

hsa-miR-1 66.00 0.00 -7.87 0.01 -8.28 

hsa-miR-885-5p 90.00 0.00 -18.69 0.00 -7.00 

hsa-miR-124-5p 89.00 0.01 -8.14 0.00 -5.95 

hsa-miR-137 4968.00 0.00 -2.18 0.00 -5.52 

hsa-miR-95-3p 1068.00 0.00 -4.73 0.00 -5.29 

hsa-miR-126-3p 1565.00 0.00 -2.82 0.00 -4.81 

hsa-miR-32-5p 150.00 0.00 3.43 0.00 -3.99 

hsa-miR-3529-3p 12270.00 0.00 -3.61 0.00 -3.90 

hsa-miR-126-5p 1110.00 0.00 -2.39 0.00 -3.75 

hsa-miR-542-3p 524.00 0.01 -1.67 0.00 -3.70 

hsa-miR-7-5p 9461.01 0.00 -4.77 0.00 -3.70 

hsa-miR-551b-3p 1664.00 0.00 -1.26 0.00 -3.65 

hsa-miR-15b-5p 5009.00 0.00 -1.19 0.00 -3.32 

hsa-miR-486-5p 105.24 0.00 -22.33 0.02 -3.29 

hsa-miR-101-3p 2158.00 0.00 -1.40 0.00 -3.25 

hsa-miR-135a-5p 4321.00 0.00 -3.48 0.00 -3.24 

hsa-miR-33b-5p 199.00 0.00 2.57 0.00 -2.94 

hsa-miR-138-5p 4993.00 0.01 1.15 0.00 -2.86 

hsa-miR-873-5p 371.00 0.04 -1.49 0.00 -2.52 

hsa-miR-7-2-3p 605.79 0.00 -4.94 0.00 -2.52 

hsa-miR-29b-3p 930.00 0.00 1.90 0.00 -2.48 

Gene symbol 
Total 
reads 

APP-L17C vs. vector control  
(7 days) 

APP-L17C vs. vector control  
(14 days) 

  
p-value 

Fold 

change  
p-value Fold change  

hsa-miR-495-3p 56.00 0.02 4.96 0.01 4.97 

hsa-miR-100-5p 2209.00 0.00 2.47 0.00 4.71 

hsa-miR-483-5p 645.00 0.00 1.92 0.00 3.96 

hsa-miR-483-3p 1117.00 0.02 -1.28 0.00 3.50 

hsa-miR-187-3p 122.00 0.00 3.87 0.00 3.20 

hsa-miR-181a-2-3p 2146.00 0.00 2.34 0.00 3.11 

hsa-miR-362-5p 550.00 0.00 2.53 0.00 2.92 

(Table continues) 
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hsa-miR-501-5p 228.00 0.00 3.33 0.00 2.91 

hsa-miR-181b-5p 4161.00 0.00 5.72 0.00 2.79 

hsa-miR-376c-3p 430.00 0.00 2.64 0.00 2.52 

hsa-miR-454-5p 243.00 0.00 2.86 0.00 2.33 

hsa-miR-532-5p 2310.00 0.00 2.34 0.00 2.33 

hsa-miR-582-5p 502.00 0.00 3.12 0.00 2.25 

hsa-miR-193b-3p 489.00 0.02 1.55 0.00 2.21 

hsa-miR-502-3p 641.00 0.00 3.13 0.00 2.19 

hsa-miR-15b-3p 823.00 0.00 1.54 0.00 2.18 

hsa-miR-145-5p 22130.00 0.00 1.68 0.00 2.11 

hsa-miR-181a-5p 14331.00 0.00 3.62 0.00 2.05 

hsa-miR-500a-3p 1454.00 0.00 1.80 0.00 2.01 

hsa-miR-660-3p 241.00 0.00 2.67 0.00 1.99 

hsa-miR-125a-3p 181.00 0.00 2.80 0.02 1.94 

hsa-miR-378a-3p 178.00 0.05 1.75 0.03 1.93 

hsa-miR-532-3p 1263.00 0.00 2.59 0.00 1.91 

hsa-miR-425-5p 7499.00 0.00 2.08 0.00 1.87 
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Table 5.2 Top 25  up regulated and top 25 down regulated expressed miRNA in  APP-L17C 
Mutant vs APPwt at 7 and 14 days of differentiation using retinoic acid 

Gene symbol 
Total 
reads 

APP-L17C vs. APPwt  
(7 days) 

APP-L17C vs. APPwt  
(7 days) 

p-value Fold change  p-value Fold change  

hsa-miR-34a-5p 2584.00 0.00 -101.74 0.00 -50.79 

hsa-miR-135b-5p 98.00 0.00 -27.62 0.01 -15.82 

hsa-miR-124-3p 3264.00 0.00 -1.81 0.00 -4.49 

hsa-miR-33a-5p 259.00 0.00 -2.12 0.31 -1.82 

hsa-miR-33a-5p 259.00 0.00 -2.12 0.31 -1.82 

hsa-miR-885-5p 90.00 0.01 -17.27 0.01 -5.58 

hsa-miR-124-5p 89.00 0.00 -10.24 0.03 -3.47 

hsa-miR-137 4968.00 0.00 -4.11 0.00 -2.42 

hsa-miR-95-3p 1068.00 0.00 -4.78 0.00 -4.82 

hsa-miR-126-3p 1565.00 0.00 -3.03 0.00 -4.50 

hsa-miR-32-5p 150.00 0.21 1.41 0.19 2.11 

hsa-miR-3529-3p 12270.00 0.00 -5.56 0.00 -2.44 

hsa-miR-126-5p 1110.00 0.00 -2.04 0.00 -3.44 

hsa-miR-542-3p 524.00 0.17 1.36 0.80 -1.06 

hsa-miR-7-5p 9461.01 0.00 -6.34 0.00 -2.49 

hsa-miR-551b-3p 1664.00 0.00 1.75 0.05 1.46 

hsa-miR-15b-5p 5009.00 0.00 -3.42 0.00 4.25 

hsa-miR-486-5p 105.24 0.00 -20.23 0.01 -3.95 

hsa-miR-101-3p 2158.00 0.00 -1.70 0.00 1.75 

hsa-miR-135a-5p 4321.00 0.00 -6.10 0.00 -3.11 

hsa-miR-33b-5p 199.00 0.31 1.27 0.04 2.68 

hsa-miR-138-5p 4993.00 0.00 1.82 0.84 -1.02 

hsa-miR-873-5p 371.00 0.01 -1.61 0.38 1.31 

hsa-miR-7-2-3p 605.79 0.00 -3.61 0.00 -2.94 

hsa-miR-29b-3p 930.00 0.00 2.38 0.00 2.68 

Gene symbol 
Total 
reads 

APP-L17C vs. APPwt  
(7 days) 

APP-L17C vs. APPwt  
(14 days) 

p-value Fold change  p-value Fold change  

hsa-miR-489-3p 50.00 0.01 4.24 0.01 13.09 

hsa-miR-495-3p 56.00 0.13 2.20 0.00 11.47 

hsa-miR-100-5p 2209.00 0.00 7.39 0.00 11.42 

hsa-miR-483-5p 645.00 0.00 2.08 0.00 3.45 

hsa-miR-483-3p 1117.00 0.01 -1.30 0.00 8.53 

hsa-miR-187-3p 122.00 0.01 2.37 0.00 8.86 

hsa-miR-181a-2-3p 2146.00 0.00 4.05 0.00 3.33 

hsa-miR-362-5p 550.00 0.00 2.35 0.00 5.19 

hsa-miR-501-5p 228.00 0.01 2.37 0.00 2.88 

(Table continues) 
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hsa-miR-181b-5p 4161.00 0.00 5.01 0.00 4.26 

hsa-miR-376c-3p 430.00 0.00 3.94 0.00 4.96 

hsa-miR-454-5p 243.00 0.00 4.72 0.00 2.73 

hsa-miR-532-5p 2310.00 0.00 4.46 0.00 3.56 

hsa-miR-582-5p 502.00 0.00 5.43 0.00 6.17 

hsa-miR-193b-3p 489.00 0.00 2.41 0.00 2.98 

hsa-miR-502-3p 641.00 0.00 1.85 0.00 5.44 

hsa-miR-15b-3p 823.00 0.76 -1.04 0.00 1.80 

hsa-miR-145-5p 22130.00 0.00 1.39 5.5E-322 2.81 

hsa-miR-181a-5p 14331.00 0.00 3.82 0.00 3.04 

hsa-miR-500a-3p 1454.00 0.00 3.96 0.00 3.27 

hsa-miR-660-3p 241.00 0.00 3.23 0.00 3.96 

hsa-miR-125a-3p 181.00 0.06 1.77 0.03 1.83 

hsa-miR-378a-3p 178.00 0.07 1.68 0.01 2.60 

hsa-miR-532-3p 1263.00 0.00 1.89 0.00 2.89 

hsa-miR-425-5p 7499.00 0.00 2.35 0.00 1.82 
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Table  5.3 Top 25  up regulated and top 25 down regulated expressed miRNA in APPwt vs vector 
control at 7 and 14 days of differentiation using retinoic acid 

Gene symbol 
Total 
reads 

APPwt vs. vector control  
(7 days) 

APPwt vs. vector control  
 (14 days) 

p-value Fold change  p-value Fold change  

hsa-miR-34a-5p 2584.00 0.00 -1.19 0.00 -1.90 

hsa-miR-135b-5p 98.00 0.01 2.38 0.07 -1.76 

hsa-miR-124-3p 3264.00 0.00 -1.87 0.00 -2.69 

hsa-miR-33a-5p 259.00 1.00 -1.00 0.00 -5.16 

hsa-miR-1 66.00 0.99 1.00 0.10 -2.27 

hsa-miR-885-5p 90.00 0.81 -1.08 0.51 -1.25 

hsa-miR-124-5p 89.00 0.53 1.26 0.11 -1.72 

hsa-miR-137 4968.00 0.00 1.89 0.00 -2.28 

hsa-miR-95-3p 1068.00 0.91 1.01 0.41 -1.10 

hsa-miR-126-3p 1565.00 0.42 1.08 0.44 -1.07 

hsa-miR-32-5p 150.00 0.02 2.44 0.00 -8.45 

hsa-miR-3529-3p 12270.00 0.00 1.54 0.00 -1.60 

hsa-miR-126-5p 1110.00 0.12 -1.17 0.44 -1.09 

hsa-miR-542-3p 524.00 0.00 -2.27 0.00 -3.48 

hsa-miR-542-3p 524.00 0.00 -2.27 0.00 -3.48 

hsa-miR-551b-3p 1664.00 0.00 -2.20 0.00 -5.33 

hsa-miR-15b-5p 5009.00 0.00 2.87 0.00 -14.08 

hsa-miR-486-5p 105.24 0.75 -1.10 0.58 1.20 

hsa-miR-101-3p 2158.00 0.03 1.22 0.00 -5.68 

hsa-miR-135a-5p 4321.00 0.00 1.76 0.40 -1.04 

hsa-miR-33b-5p 199.00 0.02 2.02 0.00 -7.87 

hsa-miR-138-5p 4993.00 0.00 -1.58 0.00 -2.82 

hsa-miR-138-5p 4993.00 0.00 -1.58 0.00 -2.82 

hsa-miR-7-2-3p 605.79 0.06 -1.37 0.24 1.17 

hsa-miR-29b-3p 930.00 0.10 -1.25 0.00 -6.64 

Gene symbol 
Total 
reads 

APPwt vs. vector control  
 (7 days) 

APPwt vs. vector control  
 (14 days) 

p-value Fold change  p-value 
Fold 

change  

hsa-miR-489-3p 50.00 0.75 1.27 0.69 -1.67 

hsa-miR-495-3p 56.00 0.29 2.25 0.38 -2.31 

hsa-miR-100-5p 2209.00 0.00 -2.99 0.00 -2.43 

hsa-miR-483-5p 645.00 0.63 -1.09 0.58 1.15 

hsa-miR-483-3p 1117.00 0.87 1.02 0.00 -2.44 

hsa-miR-187-3p 122.00 0.25 1.63 0.15 -2.77 

hsa-miR-181a-2-3p 2146.00 0.00 -1.74 0.57 -1.07 

hsa-miR-362-5p 550.00 0.80 1.08 0.01 -1.78 

hsa-miR-501-5p 228.00 0.41 1.40 0.97 1.01 

(Table continues) 
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hsa-miR-181b-5p 4161.00 0.22 1.14 0.00 -1.53 

hsa-miR-376c-3p 430.00 0.09 -1.49 0.04 -1.97 

hsa-miR-454-5p 243.00 0.13 -1.65 0.67 -1.17 

hsa-miR-532-5p 2310.00 0.00 -1.91 0.00 -1.53 

hsa-miR-582-5p 502.00 0.07 -1.74 0.00 -2.75 

hsa-miR-193b-3p 489.00 0.05 -1.55 0.19 -1.35 

hsa-miR-502-3p 641.00 0.03 1.69 0.00 -2.48 

hsa-miR-15b-3p 823.00 0.00 1.60 0.27 1.21 

hsa-miR-145-5p 22130.00 0.00 1.21 0.00 -1.33 

hsa-miR-181a-5p 14331.00 0.34 -1.05 0.00 -1.48 

hsa-miR-500a-3p 1454.00 0.00 -2.20 0.00 -1.63 

hsa-miR-660-3p 241.00 0.63 -1.21 0.03 -1.99 

hsa-miR-125a-3p 181.00 0.23 1.58 0.86 1.06 

hsa-miR-378a-3p 178.00 0.90 1.04 0.44 -1.35 

hsa-miR-532-3p 1263.00 0.03 1.37 0.00 -1.52 

hsa-miR-425-5p 7499.00 0.05 -1.13 0.56 1.03 

 

5.6.2 Results: qRT-PCR on candidate miRNAs involved in neurite 

outgrowth 

A candidate miRNA approach was used to investigate the mechanisms by which neurite 

outgrowth in the SH-SY5Y cell line was impaired by transfection with the APP-L17C mutant 

construct. Candidate miRNAs were selected based on their involvement in modulating 

neurite outgrowth or if it’s regulated by APP.  qRT-PCR was conducted using primers 

targeting candidate miRNAs on SH-SY5Y vector control and APP-L17C mutants.  Several 

candidates, including miR-125b, miR-132 and miR-138, tested did not show a difference or 

were inconclusive (Figure 5.6). miR-34a was significantly down-regulated at 0, 7 and 14 days 

post differentiation and miR-124a showed a decrease at 14 days post differentiation (Figure 

5.7 A, B). Another candidate, miR-135b, shows a decrease however further repeats are 

necessary to confirm significance (Figure 5.7C). Due to time constraints, this study was only 

able to further characterise 1 miRNA. Therefore, we chose miR-34a for further analysis as 

it’s severely down regulated and has been shown to be implicated in neurite outgrowth. 

MiR-34a up regulation results in an increase in differentiation and neurite outgrowth in 

neurons (This will be further discussed in chapter 5.10) (Agostini et al., 2011c; Gao et al., 

2010). 
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5.6.3 Results: Testing the effect of miR-34a on neurite outgrowth 

To test the effect of miR-34a on neurite outgrowth, miR-34a was transduced into SH-SY5Y-

APP-L17C expressing cell line using the Gentarget lenti viral system. The lentivector 

contained a GFP protein sequence that indicates miRNA expression and a puromycin 

resistance gene that allows for antibiotic selection and stable long term expression (Figure 

5.5). The concentration of virus was 1 x 107 IFU/ml and cells were infected at a multiplicity 

of infection (MOI) of 20. Transduction was performed under two different conditions - (i) 

SH-SY5Y-APP-L17C cells were differentiated for two weeks with retinoic acid and then 

infected for 24 hours with the Lenti-control (empty) or with Lenti-miR34a and (ii) 

undifferentiated SH-SY5Y-APP-L17C cells plated for 24 hours and were infected for 24 hours 

with either Lenti-control (empty) or Lenti-miR34a and then differentiated for two weeks 

with retinoic acid. The rationale for the two experimental procedures were to determine if 

neurite outgrowth can be unblocked by expression of miR-34a before differentiation began 

and/or if expression of miR-34a can rescue the APP-L17C phenotype after 2 weeks of 

differentiation. Cells were fixed using 4% PFA and stained using DAPI and fluorescent 

antibodies to APP and β3-tubulin. Fluorescent images were taken with a Zeiss microscope 

with 8 images taken from 3 independent experiments (Figure 5.8, 5.9, .5.10 and 5.11). 

Images were analysed and quantified for the number of neurites per cell body in GFP 

positive cells. 

The lenti- control (empty) had a round cell body with little or no detectable neurites. In 

contrast, the APP-L17C cells transformed with miR-34a under both conditions showed a 

formation of neurites and enlarged cell body. The number of neurites/cell body was 

quantitated and analysed to show a significant increase from an average of 0.25 to 1.5 

neurites/cell body (Figure 5.12).  The neurite length was also measured in the transfected 

APP-L17C and in the APPwt and it showed that the neurite length was not restored to 

APPwt levels after miR-34a transfection. Neurites from APP-L17C is approximately half that 

of APPwt cells (Figure 5.14). 
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Figure 5.5 Lentiviral expression vector containing Pre-miRNA-34a to be expressed as 

mature miR-34a. 

 A GFP marker of expression and a puromycin resistance gene for antibiotic selection and 

generating stable cell lines expressing miR-34a. 

5.6.4 Results: RhoA and miR-34a Modulation 

To determine if there is a link between miR-34a and RhoA signalling, differentiated SH-SY5Y-

APP-L17C cells were treated with the RhoA inhibitor, Y27632. The cells were treated with 

100 μM Y27632 for 48 hours, then harvested and lysed to determine RhoA activity by ELISA 

assay. The treatment significantly increased miR-34a expression levels by 35-fold compared 

to untreated cells for the mutant SY5Y-APP-L17C cells. In addition, the levels had also 

restored back to vector control levels (Figure 5.13).  
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Figure 5.6 Quantitative RT-PCR of SH-SY5Y vector control and APP-L17C differentiated for 

0, 7 and 14 days with retinoic acid (10μM).  

 (A) miR-125b expression in SH-SY5Y cells at 0, 7 and 14 days (B) miR-132 expression in SH-

SY5Y cells (C) miR-138 expression in SH-SY5Y cells. Values present mean + SEM from 3-4 

independent experiments  

C. 
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Figure 5.7 Quantitative RT-PCR of SH-SY5Y vector control and APP-L17C differentiated for 

0, 7 and 14 days with retinoic acid (10μM).  

A decrease in miR-34a in APP-L17C with no change in miR-135b and miR-124a (A) miR34a-5p 

expression in SH-SY5Y cells at 0, 7 and 14 days showing a lack of expression in SH-SY5Y APP-

L17C cells. (B) miR135b-5p expression in SH-SY5Y cells (C) miR124a-5p expression in SH-SY5Y 

cells. Values presented are mean + SEM from 3-4 independent experiments *, p < 0.05 
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Figure 5.8 SH-SY5Y APP-L17C differentiated for two weeks using retinoic acid (10μM) and 

then infected with pLenti- vector control (GFP). 

Cells infected for 24 hours and then the media changed to DMEM + 10% FCS for 48 hours. 

Cells were then fixed and probed for APP using antibody 22C11 (red) and DAPI (blue). Cell 

transduction with pLenti-vector control GFP (green). Transduction with pLenti-vector control 

shows no change in cell morphology. Images represent 3 independent experiments. Scale 

bar = 100μM 
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Figure 5.9 SH-SY5Y APP-L17C differentiated for two weeks using retinoic acid (10μM) and 

then infected with plenti-miR-34a (GFP). 

Cells infected for 24 hours and then the media changed to DMEM + 10% FCS for 48 hours. 

Cells were then fixed and probed for APP using antibody 22C11 (red) and DAPI (blue). Cell 

transduced with pLenti-miR-34a-GFP (green) show an increase in neurite outgrowth/cell 

body. Images are representative of 3 independent experiments. Scale bar = 100μM 
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Figure 5.10 SH-SY5Y APP-L17C infected with pLenti-control (GFP) for 24 hours and then 

differentiated for two weeks using retinoic acid (10μM). 

Cells were then fixed and probed for APP using antibody 22C11 (red) and DAPI (blue). 

Transduction with pLenti-control-GFP (Green) shows no change in cell morphology. Images 

are representative of 3 independent experiments. Scale bar = 100μM 
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Figure 5.11 SH-SY5Y APP-L17C infected with pLenti-miR-34a (GFP) for 24 hours and 

differentiated for two weeks using retinoic acid (10μM)  

Cells were then fixed and probed with antibody 22C11 (red) and DAPI (blue). Transduction 

with pLenti-miR-34a (GFP) showed an increase in neurite outgrowth/cell body. Images are 

representative of 3 independent experiments. Scale bar = 100μM. 
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Quantitation of Neurite after Transduction in Differentiated APP-L17C Cells 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12 Number of neurites/cell body quantitated in APP-L17C after miR-34a up 

regulation 

(A) SH-SY5Y APP-L17C differentiated for two weeks with retinoic acid (10μM) and infected 

with pLenti-control or pLenti-mir-34a virus  for 24 hours and incubated in DMEM +10% FCS 

for three days and fixed. (B) SH-SY5Y APP-L17C infected with pLenti-control or pLenti-mir-

34a virus for 24 hours and differentiated for two weeks with retinoic acid (10μM) and fixed. 

Values are represented as mean ± SEM. Analysis of 40 to 60 cells from at least 3 independent 

experiments. *, p<0.05. 
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Fold Change of miR-34a Expression after Y27632 Treatment 

 

 

 

Figure 5.13 Quantitative qRT-PCR of SH-SY5Y APP-L17C differentiated for 14 days.  

An increase fold change and delta CT value was evident in the APP-L17C treated with Y27632 

(A) APP-L17C treated with Rho inhibitor Y27632 (100uM) for 48 hours, shows an increase in 

the expression of miR-34a. (B) Relative ratio of delta CT values for SH-SY5Y APP-L17C cells 

treated with Rho inhibitor Y27632 (100uM) compared to SH-SY5Y vector control shows an 

increase in the expression of miR34a. Values presented as mean ± SEM from 3-4 

independent experiments. *, p<0.05 

A. 

B. 
Delta CT levels of miR-34a after Y27632 Treatment 
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Neurite Length in miR-35a Transfected APP-L17C and in APPwt SH-SY5Y Cells 

 

 

Figure 5.14 Quantitation of Neurite Length of APPwt and APP-L17C after miR-34a up 

regulation.  

 

SH-SY5Y APP-L17C infected with pLenti-mir-34a virus for 24 hours and differentiated for two 

weeks with retinoic acid (10μM) or differentiated for 2 weeks and infected for 3 days and 

fixed. Significant difference found in the neurite length of APP-L17C transfected with miR-

34a vs. APPwt. Values represented as mean ± SEM. Analysis of at least 90 neurites from 3 

independent experiments. *, p<0.05. 
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5.7 Discussion 

To determine if the APP-L17C mutant mediates its phenotype through changes in miRNA 

expression genome wide miRNA sequencing was conducted to determine the differential 

expression of APP-L17C vs. APPwt after two weeks of differentiation. Raw data from 

sequencing was filtered for significant difference (p < 0.05) and repeated reads above 40. 

Top and bottom 25 differentially expressed miRNA were discovered and several were shown 

to be directly linked to neuronal differentiation as well as AD (Table 4.2). Amongst the 

differentially expressed miRNAs, miR-124, miR-135a and miR-34a were chosen for further 

investigation. 

In APPwt miR-124 shows a fold change of -2.69 compared to vector control at 14 days 

differentiated cells using the Ion torrent system. The expression of miR-124 from APP-L17C 

shows a -4.49 fold decrease when compared to APPwt. When comparing APP-17C with 

vector control there is a -12.07 fold decrease, thus indicating that the APP-L17C mutant is 

causing miR-124 to be downregulated. Mir-124 can regulate BACE1 expression and this 

suggests BACE1 maybe up regulated in APP-L17C cells and can promote the generation of 

Aβ. Although this study did not determine the levels of Aβ, other studies have found that 

the APP-L17C mutant promotes the generation of Aβ in the same system. Therefore the 

down-regulation of miR-124 by APP-L17C may contribute to the increased Aβ (Fang et al., 

2012; Munter et al., 2007a) by up-regulating BACE. As previously discussed in chapter 5.5, 

ROCK is also a target of miR-124, which could explain why RhoA activity was up regulated in 

the APP-L17C mutant (Figure 4.3) (Gu et al., 2014).  Importantly, miR-124 promotes 

neuronal differentiation, and its down-regulation would be a contributing factor in the APP-

L17C phenotype (Makeyev et al., 2007a). Validation of miR-124 up-regulation by qRT-PCR 

was inconclusive and requires further repeats and different primers.  

miR-124a was down regulated -3.11 fold in APP-L17C vs. APPwt using the Ion torrent 

system. qRT-PCR analysis was conducted to show a decrease in APP-L17C vs. vector control 

at 14 days. It’s known to be involved in neurogenesis and neurite outgrowth as its 

transfection in F11 cells, resulted in the promotion of neurite outgrowth. The transfected 

cells were injected into the thighs of mice to also show an increase in differentiation (Jang et 

al., 2016). Another study also shows that miR-124a promotes neurite outgrowth and 
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elucidates a possible mechanism. This study found that mR-124a in M17 cells targeted the 3’ 

UTR of Inhibitor of apoptosis-stimulating protein of p53 (iASPP) gene. The overexpression 

studies of iASPP promotes neurite outgrowth (Lin et al., 2014).  

Using the Ion Torrent system, miR-135a was downregulated -1.04 fold in APPwt vs. vector 

control at 14 days differentiated cells. The expression of miR-135a from APP-L17C shows a -

3.11 fold decrease when compared to APPwt. When comparing APP-17C with vector control 

there is a -3.24 fold decrease, indicating that the APP-L17C mutant causes a defect in the 

generation of miR-135a. Mir-135a directly targets BACE1, which could result in higher BACE 

activity and higher levels of Aβ (Liu et al., 2014b). As discussed previously in chapter 4.6, Aβ 

is able to reduce the number of neurites, potentially by activating RhoA signalling. MiR-

135b, a related form of miR135a, is also highly down regulated and since it’s closely related 

to miR135b, and future experiments should investigate its role in BACE1 activity and neurite 

outgrowth.   

miR-34a was shown to be severely down regulated (-50.79 fold change)  by the APP-L17C 

mutant compared to APPwt using the Ion Torrent system. When comparing APP-L17C with 

vector control there is a --96.28 fold decrease at 14 days differentiated. Mir-34a expression 

in APPwt compared to vector control shows a -1.9 fold decrease which indicates miR-34a is 

down regulated due to the APP-L17C mutant. This was validated by qRT-PCR which showed 

undetectable levels when compared to vector control (Table 5.1 and Figure 5.7).  Some 

upstream activators of miR-32a have been identified. Tap73 is a member of p53 and acts as 

a transcription factor specifically for miR-34a by binding to its promoter to increase its 

transcription and a deletion of Tap73 reduces miR34a (Agostini et al., 2011a). Mir-34a and 

Tap73 is developmentally regulated in the brain and correlates with the time of 

synaptogenesis. The down regulation of miR-34a inversely correlates with expression of 

synaptotagin-1 and synataxin-1A (Agostini et al., 2011c). MiR-34a is required for neuronal 

differentiation and proliferation of embryonic stem cells and mice hippocampal neurons 

(Agostini et al., 2011b). Down regulation of miR-34a results in a change in the shape of the 

dentate gyrus and a disorganised hippocampus, thus miR-34a is required for normal brain 

development (Agostini et al., 2011a). Conversely, miR-34a negatively regulates dendritic 

length, branching and spines in cortical neurons and miR-34a inhibition increases the 

branching (Agostini et al., 2011b). Finally, miR-34a expression reduces miniature excitatory 
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postsynaptic currents and its amplitude to indicate that there is a reduction in the number 

of functional synapses (Agostini et al., 2011a; Agostini et al., 2011c). These results indicate 

miR-34a have different roles depending on the cell type.  For example, in chondroblasts, 

miR-34a regulates the cross-talk between RhoA and Rac1. Upon up regulation of miR-34a, 

Rac1 expression decreased concurrently with an increase in RhoA expression (Kim et al., 

2012). Neuronal differentiation of mesenchymal stem cells miR-206, miR-34a, miR-374, miR-

424, miR-100, miR-101, miR-323, miR-368, miR-137, miR-138 and miR-377 were found to be 

up-regulated. This study supported the role miR-34a has to play in the APP-L17C phenotype 

in our studies.   

MiR-34a is able to regulate mouse neural stem cell differentiation, possibly through the 

targeting of Sirt1 (Tarantino et al., 2010). MiR-34a overexpression resulted in increased 

differentiation and neurite elongation whereas miR-34a down regulation decreased 

elongation (Tarantino et al., 2010). Furthermore, the down-regulation of Sirt1 exhibited an 

increase in neurite outgrowth, in addition to the increase deacetylation of p53, thus leading 

to its inactivation. Interestingly in other studies, Sirt1 KO mice shows a range of neurological 

defects such as decreased motor performance and cognition as well as a decrease in 

synaptophysin in the hippocampus (Gao et al., 2010). Although SIRT1 seems important in 

differentiation, miR-34a was able to induce differentiation in astrocytes independent of 

SIRT1, indicating that miR34a may mediate its effect by targeting other effectors (Aranha et 

al., 2011).  

Gene ontology database analysis shows that miR-34a targeted 135 genes linked to actin 

cytoskeleton rearrangement, energy production and cell motility (Chang et al., 2011). Other 

studies support a role for miR-34a in promoting differentiation. Analysis of miRNA 

expression in differentiated mouse embryonic stem cells found miR-100, miR-137 and miR-

34a were up regulated. Its targets, Smarca5, Jarid1b and Sirt1, respectively, are known to 

sustain an undifferentiated phenotype, therefore its down regulation promotes embryonic 

stem cell differentiation. The blockade of miR-100, miR-137 and miR-34a inhibited 

differentiation by targeting Sirt1, Smarca5, and Jarid1b mRNAs (Tarantino et al., 2010). In 

our study miR-100 was up regulated by 7.39 fold at 7 days and further elevated at 14 days 

to 11.42 fold in APP-L17C vs. APPwt. miR-137 was down regulated by -4.78 fold at 7 days 
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and -2.42 at 7 days for APP-L17C vs. APPwt (Table 5.2). These changes warrant further 

investigation into the role of miR-100 and miR-137 in the APP-L17C dimerisation model. 

Luteolin (a flavonoid with neurotrophic activity) up regulates and down regulates several 

miRNA, and it’s reported that miR-34a was the most pronounced in terms of up regulation. 

Luteolin up regulates miR-34a by phosphorylation of p53 which promotes miR-34a 

transcription. Sirt1, a known target of miR34a, was correspondingly reduced, implicating 

Luteolin in miR-34a mediated neurite outgrowth (Chen et al., 2015b; Patil et al., 2014). Since 

APP-L17C severely down regulates miR-34a, further research needs to assess whether the 

expression of Luteolin and Sirt1 is affected to further elucidate the mechanism by which 

APP-L17C prevents neurite outgrowth. 

Apart from neuronal differentiation, miR-34a is a negative regulator of chondrogenesis and 

migration. Chick limb mesenchymal cells overexpression of miR-34a leads to chondrogenic 

inhibition, and down regulation of miR-34a led to the formation of precartilage 

condensation (Kim et al., 2011). Under these conditions, miR-34a targets EphA5 to prevent 

condensation during chondrogenesis (Kim et al., 2011). MiR-34a has a role in cancer by 

targeting CD44 to supress cell proliferation and invasion, which suggests that miR-34a has 

other targets to reorganise the cytoskeleton (Yu et al., 2014).  MiR-34a is an inhibitor of 

neuronal differentiation and is down regulated during neurogenesis in neural stem cells. 

MiR-34a targets synaptotagmin 1 and autophagy-related 9a, in which miR-34a's expression 

is necessary for neurogenesis and differentiation (Morgado et al., 2015). Assessment of the 

literature indicates that while there are results that contradict each other on the role of 

miR-34a on neuronal development, overall, the studies demonstrate that miR-34a is 

important for promoting neuronal differentiation. In our study miR-34a is down regulated in 

the SH-SY5Y APP-L17C cells with a defect in neurite outgrowth. Up regulation of miR-34a 

with the pLenti-34a virus rescued the APP-L17C phenotype resulting in a significant increase 

in neurites/cell body (Figure 5.10). Although there is a rescue, long thin neurites are not 

present as seen in APPwt from chapter 3. The neurite length of the APP-L17C transfected 

with miR-34a was compared to APPwt. It was shown that the length of the miR-34a 

transfected cells were approximately half that of the APPwt neurites. This indicated that 

miR-34a is able to rescue the number of neurites/cell body however only partially rescued 

neurite length (Figure 5.13).  APP-L17C cells may have other mechanisms or miRNA 
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deregulation by which it mediates the inhibition of neurite outgrowth. Since several other 

miRNA involved in neurite outgrowth are differentially expressed, such as miR-135a, miR-

124, miR-124b and miR-137, they may be playing a role and need to also be up regulated to 

test for a full rescue of neurite extension.  

Our studies investigated whether there was a connection between miR34a and the Rho 

pathway. This was tested by down regulating RhoA signalling using the Rho Inhibitor, 

Y27632, and measuring mir34a levels. Treatment of APP-L17C with 100uM Y27632 for 48 

hours results in the up regulation of miR-34a expression compared to vector control levels 

(Figure 5.11). Other studies have demonstrated that ROCK inhibition using shRNA or Y27632 

regulates miRNA expression. ROCK1 shRNA up regulates miR-118 and down regulates miR-

151, ROCK2 shRNA unregulated miR-114 and down regulates miR-178 and Y27632 up 

regulates miR-114 and down regulates miR-178. MiR-34a* is shown to be down regulated -

11.88 fold (STILES et al., 2013). This is contrary to what was found in our study; however the 

Stiles et al. study detected the less abundant form of miR-34a (STILES et al., 2013). Another 

study found that ROCK inhibition using Y27632 enhances global miRNA gene silencing 

function but did not increase the expression of mature miRNA. Several miRNA’s were 

tested, which included miR-122, miR-140–5p and miR-185. It was reported that the 

mechanism of action is linked to the enhancement of deadenylation and loss of the poly(A) 

binding protein of the RNA targeted by the miRNAs to enhance degradation by Xrn1. Y27632 

enhances the translation of 369 genes with poly(A) tail interacting protein 2 (PAIP2) being 

an important candidate. PAIP2 is a protein that binds to poly(A) binding protein to inhibit 

translation by stimulating deadenylation of the poly(A) tail by displacing poly(A) binding 

protein. This study also found that Y27632 enhanced the binding of the transcription factor 

HNF4 to the promoter region of PAIP. Normally ROCK is localised in the cytoplasm and HNF4 

is localised to the nucleus, however upon Y27632 treatment some of the ROCK translocates 

to the nucleus and interacts with HNF4 to potentially cause the activation of ROCK by 

phosphorylation (Berlanga et al., 2006; Wu et al., 2006; Yoshikawa et al., 2015). ROCK 

therefore has several effectors that regulate transcription factors that in turn regulate 

protein and miRNA production. Many of the investigated effectors are involved in 

cytoskeletal rearrangement, some of which were discussed in chapter 4, but few studies 

have looked at its role in transcription activation. A study using smooth muscles cells 
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demonstrated that RhoA activates ERK1/2 through MEK1/2, however ROCK down regulates 

ERK1/2 and up regulates MAPK through MAPKK3/6. The MAPKK3/6-MAPK signalling 

pathway mediates alternative splicing regulation of pre-mRNA (van der Houven van Oordt 

et al., 2000). Therefore, treatment of the APP-L17C cells with Y27632 may enhance miR-34a 

though the deadenylation pathway. Future studies need to look at whether Y27632 

treatment up regulates miR-34a only or if it’s a general up regulator of miRNA production.  

Conversely, studies have shown that miR-34a indirectly supresses RhoA via the suppression 

of the c-Mtc-skp2-Miz1 transcription complex by targeting the c-Myc 3’ UTR (O'Donnell et 

al., 2005). The transcription complex promotes cell cycle progression and transformation. It 

also activates the miR-17 to miR-92 polycistronic miRNA cluster (Adhikary and Eilers, 2005; 

He et al., 2005; O'Donnell et al., 2005). Over expression of the c-Myc complex rescued miR-

34a suppression of RhoA and an inhibition of cell invasion. Therefore miR-34a inhibits 

invasion by supressing RhoA expression in PC3 cells (Yamamura et al., 2012a; Yamamura et 

al., 2012b).  Since our studies show a severe down regulation of miR-34a, this study explains 

the high levels of RhoA activity demonstrated in Figure 4.3 may be due to miR-34a 

expression. Another miRNA that may be contributing to the increase of RhoA activity is miR-

124. Studies using colorectal cancer cells revealed miR-124 mimics were able to down 

regulate ROCK1 protein expression; however there was no difference in ROCK1 mRNA 

indicating that it maybe repressing ribosomal translation rather than degradation (Xi et al., 

2015). Our data from microRNA mass sequencing does demonstrate miR-124 to be down 

regulated -4.49 fold in APP-L17C vs. APPwt which may contribute to the increase in RhoA 

activity in the APP-L17C mutants. In our studies it is unclear whether miRNA down 

regulation directly leads to the up regulation of RhoA abundance and activity. To confirm if 

this is the case, transformation of miR-34a or miR-124 and an analysis of RhoA activity using 

the RhoA activation G-LISA would be necessary. 

As previously discussed, miR-34 is also implicated in AD (Cogswell et al., 2008; Zhao et al., 

2015) with increased expression of miR-34a in AD brain. There was elevation of miR-34a 

only in the temporal cortex and hippocampus human and transgenic mouse AD brains 

(Sarkar et al., 2016). Primary neurons over expressing miR-34a exhibited a reduction in 

genes related to synaptic plasticity, oxidative phosphorylation and glycolysis (Sarkar et al., 

2016). Another study showed the expression in miR-34a in the hippocampus of human AD 
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brain specifically and an elevation of miR-34a (Agostini et al., 2011a). The increase in miR-

34a was associated with the down regulation of Syntaxin-1A (Agostini et al., 2011a).  

Interestingly, miR-34a is packaged into exosomes and transferred to other neurons (Sarkar 

et al., 2016), which presents another avenue for how miR-34a acts in our APP-L17C model. 

Replacement of APP-L17C with APPwt condition media rescued the phenotype possibly due 

to the presence of exosomes containing miRNAs involved in neurite outgrowth in the 

condition media. Future studies can therefore determine the expression of miRNA involved 

in neurite outgrowth in exosomes produced by the APP-L17C cells. 

While our study is not a model of AD, it does replicate one of the pathological events of AD 

which is an increase in Aβ. The relationship between AD and miRNA is not clear and it would 

be interesting to determine if treatment of SH-SY5Y-APPwt or SH-SY5Y-vector control cells 

with Aβ alters the expression of miR-34a. Alternatively, replacing the condition media of 

APP-L17C cells with media depleted of Aβ and then measuring the expression of miR-34a 

could identify a relationship between miR-34a regulation and APP processing.  
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APP has a wide array of functions, including neurogenesis, myelination, metal homeostasis 

and neuroprotection. The functions of APP can be modulated through its dimerisation. This 

study looks at APP-L17C dimerisation and the effect it has on neurite outgrowth and its 

possible mechanism of action. By using SH-SY5Y transfected with APP dimerisation mutants, 

we were able to determine that APP dimerisation has an effect on secretory factors 

mediating neurite outgrowth, alter APP localisation, RhoA signaling and gene transcription 

of miRNA involved in neurite outgrowth (Figure 6.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Schematic representation of study outlining the areas investigated to delineate 

the APP-L17C phenotype. 

 APP-L17C can deregulated secreted factors are able to regulate neurite outgrowth. The 

APP-L17C mutant can affect intracellular pathways regulating cytoskeletal rearrangement; 

intracellular trafficking of APP or it can also affect the expression of genes regulation neurite 

outgrowth. 
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APP dimerisation through an APP-L17C mutation was shown in our study to reduce neurite 

outgrowth during retinoic acid differentiated of stable transfected SH-SY5Y cells. Condition 

media treatment experiments shows that a neurite outgrowth promoting factor is deficient 

in the APP-L17C mutant as treatment with condition media from vector control or APPwt 

restored neurite outgrowth back to wild type levels. This factor could possibly be sAPPα 

since its levels are reduced in the APP-L17C condition media. Another approach using an 

SPA4CT mutant aims to elucidate if the ectodomain or intracellular is responsible for the 

APP-L17C phenotype. Our study with the SPA4CT mutant was inconclusive to determine if 

the ectodomain of APP is contributing to the APP-L17C phenotype. Preliminary results from 

this study indicate that SPA4CT may be toxic and that it does not affect neurite outgrowth 

since neurites can be seen at 1 week of differentiation. To elucidate if this is the missing 

factor, APP-L17C should be treated with sAPPα and analysed for neurite outgrowth, RhoA 

activation and miR-34a expression. If these tests show a restoration back to wild type levels 

sAPPα may be one of the factors involved in the APP-L17C phenotype. 

APP dimerisation also has an effect on the trafficking of APP. APP-L17C mutants have dense 

perinuclear APP staining which colocalises with the ER. In the cells that contain this 

characteristic, they have a low expression of β3 tubulin, which indicates an inhibition of 

differentiation. Therefore one of the mechanism in which the APP-L17C mutant is mediating 

its effect may be through the trafficking of APP. We hypothesised that APP is not being 

transported to the plasma membrane where non-amyloidogenic processing can take place 

to produce sAPPα, which is known to be induce neurite outgrowth. It is also known that APP 

at the plasma membrane promotes neurite outgrowth. Further experiments should look at 

surface levels of APP in the APP-L17C mutant. Also, the ER has been shown to be one of the 

sites of amyloidogenic processing, therefore the APP-L17C phenotype may be attributed to 

low levels of Aβ accumulation which leads to neurite dystrophy. Further experimentation 

could look at low level Aβ treatment in APPwt cell to determine if the dystrophy resembles 

those in the APP-L17C cells. Condition media rescue of APP-L17C did not have an effect on 

APP localisation, which suggests condition media neurite outgrowth properties may be 

acting downstream of the APP-L17C mechanism. A potential downstream effector that APP-

L17C dimerisation could modulate can be RhoA activity or miRNA expression.  
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RhoA is a G protein secondary messenger that acts to control cytoskeletal rearrangement. 

Its activation leads to neurite retraction and its inactivation leads to neurite outgrowth. 

Using an ELISA based assay we have shown that differentiated and undifferentiated SH-SY5Y 

expressing APP-L17C mutant results in an increase in the activation of RhoA which may 

contribute to the APP-L17C phenotype. When APP-L17C was subject condition media RhoA 

activity decreased which correlates with an increase in neurite outgrowth. Treatment of 

APP-L17C with a RhoA inhibitor, Y27632, led to a rescue of neurite outgrowth along with a 

loss punctate perinuclear APP staining. This result implicates RhoA in the APP-L17C 

phenotype. sAPPα are known to be a regulator of RhoA inactivation indirectly through the 

P75NTR. Since APP-L17C produce less sAPPα, the high levels of RhoA activation may be 

attributed to the lack to sAPPα in the APP-L17C cells. Further studies can look at whether 

treatment of APP-L17C with sAPPα will affect neurite outgrowth and RhoA activation. Our 

study used condition media from APPwt to rescue the APP-L17C phenotype and further 

investigation in RhoA activity shows that APPwt condition media was able to reduce RhoA 

activation. This warrants further investigations into the exact factor mediating neurite 

outgrowth.  

Other member of the Rho GTPase can affect the activity of another member. Rac1 

activation is able to reduce the activity of RhoA. The neurite promoting factor may also be 

increasing Rac1 activity which leads to the reduced RhoA activity seen in our study. Further 

studies need to determine if Rac1 activity is affected at baseline levels and after condition 

media treatment. This study used a Rho inhibitor, Y27632, which inhibits the activity of 

ROCK. This inhibitor also has an effect on other kinases, therefore other Rho inhibitors, such 

as HA1077, needs to also be tested to validate the results obtained from the Y27632 

inhibitor.  

APP dimerisation has an effect on the regulation of miRNA. Through genome wide 

sequencing of APP-L17C, APPwt and vector control, we revealed that the APP-L17C mutant 

down regulates various miRNA relating to neurite outgrowth, some of which include mirR-

124, miR-124a, miR-135a and miR-34a. The results from the genome wide sequencing was 

further validated using qRT-PCR. miR-124 from APP-L17C showed a -4.4 fold decrease 

compared to APPwt. miR-124 regulates both BACE and ROCK and since it is down regulated 

in APP-L17C it can explain the high levels Aβ and RhoA activity. miR-124a also showed a 
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decrease and is known to promote neurite outgrowth. Validation of the down regulated 

mir-124 by qRT-PCR was inconclusive, therefore qRT-PCR need to be repeated with other 

primers to validate the results from the genome wide sequencing. Mir-124 also needs to be 

up regulated by lentivirus to determine if it has an effect on the APP-L17C phenotype. Since 

miR-124 and miR-34a can have an effect on RhoA and ROCK activity, future studies need to 

determine if the transduction of miR-34a and miR-124 can affect RhoA and ROCK activation  

Another miRNA that may be contributing to the increase of RhoA activity is miR-124. Studies 

using colorectal cancer cells revealed miR-124 mimics were able to down regulate ROCK1 

protein expression; however there was no difference in ROCK1 mRNA indicating that it 

maybe repressing ribosomal translation rather than degradation (Xi et al., 2015). Our data 

from miRNA mass sequencing does demonstrate miR-124 to be down regulated -4.49 fold in 

APP-L17C vs. APPwt which may contribute to the increase in RhoA activity in the APP-L17C 

mutants. In our studies it is unclear whether miRNA down regulation directly leads to the up 

regulation of RhoA abundance and activity. To confirm if this is the case, transformation of 

miR-34a or miR-124 and an analysis of RhoA activity using the RhoA activation G-LISA would 

be necessary to further elucidate the APP-L17C mechanisms. 

The APP-L17C mutant severely down regulates miR-34a and the transfection of miR-34a 

rescued the number of neurites/cell body however it did not rescue neurite length. Since 

other miRNA relating to neurite outgrowth was also found to be deregulated in APP-L17C, it 

may be necessary to up regulate other miRNA involved, such as miR-124, to see a full 

recovery in neurite morphology. Several groups have shown miR-34a to be up regulated in 

transgenic AD mice and human AD brain, thus the gene targets of miR-34a can be related to 

AD and since we have shown dimerisation of APP to decrease miR-34a, it further links APP 

dimerisation to AD. The target of miR-34a includes Sirt1 and Luteolin, therefore since miR-

34a is severely down regulated it can be hypothesised that Sirt1 and Luteolin are up 

regulated. Further research needs to also look at the expression of Luteolin and Sirt1 to 

further elucidate the mechanism by which APP-L17C prevents neurite outgrowth. The level 

of miR-34a after Rho inhibitor treatment was also assessed. The results show that Y27632 

treatment results in an increase in miR-34a, which links RhoA signaling to the expression of 

miR-34a. Other studies have also found that Rho inhibitors are able to regulate several 

miRNAs. Further studies need to look at whether Y27632 up regulated other miRNA related 
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to neurite outgrowth. Finally condition media treatment was shown to reduce RhoA activity, 

however we did not investigate whether condition media treatment can also affect miRNA 

expression, in particular miR-34a. Future experiments should treat APP-L17C with APPwt 

condition media and determine if it has an effect on miR-34a expression. This would assist in 

determining the exact mechanism by which APP dimerisation mediates neurite outgrowth. 

The studies conducted in this thesis show a connection between APP-L17C dimerisation, 

APP localisation, RhoA signaling and miRNA expression. This can be summarised in Figure 

6.2. APP-L17C dimerisation inhibits a neurite outgrowth factor from being secreted, causes 

perinuclear ER localisation of APP, increases RhoA activity and differentially regulates 

miRNA related to neurite outgrowth, in particular miR-34a. Our studies have shown that 

treatment with condition media from APPwt was shown to decrease RhoA activity. It was 

also shown that RhoA inhibition removed the perinuclear APP localisation which may have 

enabled trafficking of APP to the plasma membrane to promote neurite outgrowth. RhoA 

inhibition also rescued the expression of miR-34a, which was previously shown to promote 

neurite outgrowth. 

In conclusion, this study was able to determine that APP dimerisation can reduce neurite 

outgrowth through the inhibition of a secreted neurite outgrowth factor. APP dimerisation 

causes the APP localisation to be predominantly restricted to the ER compartment of the 

cell an effect that which can prevent APP trafficking and function. The dimerisation of APP 

can also increase RhoA signaling which is a known promoter of cytoskeletal 

depolymerisation and neurite retraction. Furthermore, miRNA transcription is also affected 

by APP dimerisation. The miRNA affected are known to regulate neurite outgrowth. Taken 

together, our studies have linked APP dimerisation to RhoA signaling and miRNA regulation, 

however further studies are required to further define the mechanism which APP-L17C 

dimerisation affect neurite outgrowth. By elucidating the exact mechanism, we can gain a 

clearer understanding the relationship between dimerisation and APP function and in 

particular how it affects neurite outgrowth. 

 



Summary and Future Direction       
  
 

 177  

 

 

 
 
Figure 6.2 Schematic representation of how APP-L17C dimerisation can affect extracellular 

and intracellular pathways mediating neurite outgrowth (blue arrows). The relationship 

between the secreted factors, APP localisation, RhoA and miRNA expression is illustrated 

by the red arrows. 

APP dimerisation inhibits a neurite outgrowth factor from being secreted. It can also affect 

APP localisation, RhoA activity and miR-34a expression. Rescuing the APP-L17 phenotype 

with APPwt condition media was shown to decrease RhoA activity and may also affect 

miRNA expression. RhoA inhibition using Y27632 was shown to remove perinuclear APP 

staining to potentially restore APP trafficking which results in neurite outgrowth. RhoA 

inhibition was also able to up regulate miR-34a expression
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Appendix 

Table 1 Components and volume for 1 reverse transcription reaction of RNA 

Components Volume 

Primer Pool 6 μL 

dNTPs 0.3 μL 

MultiScribe Reverse 

Transcriptase 
3 μL 

10X RT Buffer 1.5 μL 

Rnase Inhibitor 0.19 μL 

Nuclease free water 1.01 μL 

RNA 3 μL 

Total  15 μL 

 

Table 2 Thermo-cycler protocol for reverse transcription of RNA 

Step Time  Temperature 

Hold 30 mins 16oC 

Hold 30 mins 42oC 

Hold 5 mins 85oC 

Hold   4oC 

 

Table 3 Components and volume for 1 qRT-PCR for miRNA 

Components Volume 

20X Taqman MicroRNA Primers 0.5 μL 

Diluted Reverse Transcription Product 1.6 μL 

Taqman Master Mix 5 μL 

Nuclease free water 2.9 μL 

Total  10 μL 
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Table 4 Thermo-cycler protocol for qRT-PCR for Applied Biosystems Real-Time PCR 

Systems 

Step Time  Temperature 

Hold 
30 

mins 
95oC 

Cycle 

(40x) 
1 sec 95oC 

  20 secs 60oC 

Hold   4oC 
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