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Abstract 
 
Alzheimer’s disease (AD) is a neurodegenerative disease characterised by 

the accumulation of Amyloid-beta (Aβ) plaques and neurofibrillary tangles. Aβ 

plaques form as a result of improper trafficking and processing of the Amyloid 

precursor protein (APP). APP trafficking is highly spatially and temporally 

regulated through a complex network of protein-protein interactions. 

Mint1/X11α is one of four neuronal trafficking adaptor proteins that bind to the 

YENPTY motif in the APP C-terminus. Whilst these adaptor proteins are 

known to regulate APP trafficking and processing, it is as yet unclear how 

these interactions with APP are regulated. Previous data from the laboratory 

shows that Mint1 is phosphorylated on Y202 and that this phosphorylation 

regulates APP trafficking. Here I have further investigated the role of Mint1-

Y202 phosphorylation by Src in the regulation of APP trafficking and 

processing. I have utilized a stable, inducible APP expressing HeLa cell line to 

show that disruption of Mint1-Y202 phosphorylation disrupts APP trafficking 

following internalisation of the protein. In addition to this, data suggests that 

the neuronal isoform of the kinase, N1-Src, has a higher affinity for Mint1 than 

its ubiquitously expressed isoform C-Src. Previous studies have shown that 

Mint1 overexpression results in accumulation of APP in the trans-Golgi 

network (TGN). Interestingly, I also see this effect and moreover, observe the 

recruitment of N1-Src, along with APP to the perinuclear region in a Mint1-

dependent manner. Together, these data suggest Mint1 and N1-Src are 

recruited to regulate correct APP trafficking and processing. 
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1: Introduction 
 

1.1: Alzheimer’s disease 

 

Alzheimer’s disease (AD) is the most common form of dementia. According to 

the Alzheimer’s society, around 800,000 people in the UK have some form of 

dementia. As well as the emotional burden of the disease, it costs the UK 

economy approximately £20 billion per year 

(http://www.alzheimers.org.uk/site/scripts/documents_info.php?documentID=3

41, accessed 6/3/13). Despite its prevalence, relatively little is known about 

the cause and molecular background of the disease. The two main 

microscopic pathologies of AD are the presence of amyloid-β (Aβ) plaques 

and neurofibrillary tangles, found in the brains of patients. Neurofibrillary 

tangles mainly consist of filaments of hyperphosphorylated tau protein, a 

microtubule associated protein, while Aβ plaques are formed by alternative 

cleavage of the amyloid precursor protein (APP), producing the aggregation 

prone peptide, Aβ-42. Macroscopically, AD is characterised by atrophy of the 

hippocampal formation and cerebral cortex (Perl 2010). AD symptoms can 

vary between patients, adding to the difficulty faced when diagnosing the 

disease. Generally, the disease presents as a gradual decline in memory, with 

an inability to retain new information being the initial sign, leading to severe 

memory loss. Other symptoms include changes in mood, declines in abstract 

reasoning and language. In the later stages of the disease, a number of 

neurological symptoms may present, such as seizures, hypertonia, myoclonus 

and mutism (Bekris et al. 2010). 

 

In 1984, a set of criteria defining Alzheimer's disease was outlined, including 

aspects of medical history, clinical examination, neuropsychological testing 

and laboratory testing (McKhann et al. 1984). They were out together to allow 

clinicians and researchers to maintain consistency when dealing with the 

disease. Following improvements in research and diagnostic techniques these 

criteria were recently revised (McKhann et al. 2011). Following these revisions 
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it was found that the incidence of the disease symptoms were more 

widespread than previously thought, for example some symptoms, such as 

neuropathological changes, can present years before the onset of the 

classically recognised dementia. With these clinical criteria a number of risk 

factors for the disease were out lined. For example, it is widely known that the 

prevalence rates for AD rise exponentially with age, it was found there is 

around a 15-fold increase in the prevalence of AD between the ages of 60 

and 85 years old (Evans et al. 1989). Other risk factors for the disease include 

cerebrovascular disease (Blennow et al. 2006; Wen et al. 2008; Schneider 

and Bennett 2010), diabetes (Farris et al. 2003; Yu and Ginsberg 2005), 

hypertension (Morris et al. 2001; Skoog and Gustafson 2006), smoking 

(Whitehouse et al. 1988; Perry et al. 2002) and obesity (Profenno et al. 2010). 

 

Recent advances in genetic research have revealed a number of genetic 

mutations associated with AD. These generally fall into two classes – i) 

familial, Mendelian inherited mutations associated with early onset AD (40-50 

years of age) ii) sporadic, non-inherited mutations associated with late onset 

AD (at >60 years of age). 

 

1.2: Genetics of AD 
 

Familial cases of AD account for less than 1 % of cases, however 

investigations into the mutations found in these cases has proved informative 

in identifying a number of proteins involved in the progression of both familial 

and sporadic forms of the disease.  

 

Over 32 mutant forms of APP itself have been reported in around 85 families. 

The majority of these are found at the sites where the secretases cleave the 

protein. Of these the missense ‘Swedish’ (APPsw, APPK670N, and M671L) 

and ‘London’ (APPlon, APPV717I) mutations are perhaps the most studied 

(Goate et al. 1991; Mullan 1992). Mice expressing APPsw and APPlon 

mutations are often used to study the mechanisms behind AD progression. 

Mice carrying these mutations exhibit different APP expression levels and 

neurological abnormalities. For example the APPsw mutant mouse, Tg2576 



	   10	  

exhibits high APP and Aβ levels that get progressively worse and begin from 

around 6 months of age (Irizarry et al. 1997; Westerman et al. 2002).  

 

Presenilins are a major component of the APP γ-secretase complex, 

mutations found in Presenilin 1 (PSEN1) are the most common cause of early 

onset AD accounting for 18-50 % of cases (Theuns et al. 2000). PSEN1 

mutations cause an increase in the ratio of Aβ42 to Aβ40 (Citron et al. 1997), 

and are responsible for some of the most severe cases of AD with onset seen 

as early as 30 years of age.  There have been 176 PSEN1 mutations 

reported, the majority of which are missense mutations present throughout the 

protein. PSEN1 null mice are not viable (Shen et al. 1997), however, mice 

with conditional knockout of PSEN1 in the postnatal forebrain show mild 

cognitive impairment in long term memory retention, coupled with the 

accumulation of C-terminal APP fragments and a reduction in Aβ production 

(Yu et al. 2001). 

 

Another important component of the γ-secretase complex is Presenilin 2 

(PSEN2). Mutations in this protein are rare and patients carrying the 

mutations show different disease progression to those with PSEN 1 

mutations. The age of onset is often later, and this may vary widely between 

members of the same family (Sherrington et al. 1996). Mutations within PSEN 

2 are generally of lower penetrance that those in PSEN 1, they therefore may 

be subject to modifications by other genes or environmental factors (Tandon 

and Fraser 2002).  

 

Whilst it is apparent a number of mechanisms may lead to cases of sporadic 

AD, a number of mutations associated with late onset AD have also been 

identified. Of these, the most common mutations are those found in the 

Apolipoprotein E (ApoE) gene (Götz et al. 2012). ApoE plays a role in 

receptor-mediated endocytosis of lipoproteins. Under certain conditions, ApoE 

is expressed at low levels in neurons in the brain (Xu et al. 2006),  however 

the protein is mainly expressed in non-neuronal cells such as astrocytes and 

microglia (Grehan et al. 2001). Although mutations in the protein differ by only 
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a couple of amino acid, the structure and function of the protein are 

significantly changed. Although the effects of ApoE mutations are clearly 

present in AD patients, it is unclear by what mode of action this occurs, 

although a number of mechanisms have been proposed including those 

involving neurite outgrowth, cytoskeletal changes in addition to direct effects 

on Aβ (Mahley et al. 2006).  

 

1.3: Amyloid precursor protein 
 

There are 3 members of the APP gene family in humans; APP and APP-like 

proteins (APLP) 1 and 2 (reviewed in (Muller and Zheng 2012). They are all 

type one membrane bound proteins with large extracellular N-termini and a 

shorter, very highly conserved intracellular C-terminal domain. The 

extracellular domain of APLP2 and some APP isoforms contain a Kunitz 

protease inhibitor (KPI) domain, which is lacking in APLP1 and APP695 (the 

main neuronally expressed isoform). The KPI domain is thought to play a role 

in APP dimerisation in addition to affecting trafficking of the protein (reviewed 

in (Khalifa et al. 2012). The variation between APP gene family proteins lies in 

the transmembrane and extracellular juxtamembrane regions. Importantly 

only APP, not APLP1 or APLP2, contains the sequence encoding Aβ 

peptides. 

 

Figure 1.1 illustrates the alternative mechanisms via which APP is processed. 

The integral membrane protein can be cleaved by either α, β or γ secretases 

(reviewed in Thinakaran & Koo 2008). α secretase cleaves the protein near 

the extracellular side of the cell membrane, when further cleaved by γ 

secretase within the plasma membrane, the 40 amino acid p3 peptide is 

produced. However, initial cleavage by β secretase followed by γ secretase 

produces the longer Aβ-42 peptide (reviewed in King & Scott Turner, 2004, 

Tang, 2009). It is not fully understood why this differential cleavage occurs, or 

why Aβ curiously only appears to aggregate in brain cells, although it is most 

likely this is due to the highly specialised nature of neuronal cells including the 

specialised trafficking processes APP undergoes due to the distance the 
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protein travels along the axon. A number of functions of APP have been 

proposed, including regulation of cell signaling mechanisms, calcium 

regulation and cell adhesion (reviewed in Brunholz et al., 2011). The 

importance of APP in the onset of AD is highlighted by the increased 

incidence of the disease in individuals with Down syndrome. Down syndrome 

occurs as a result of chromosome 21 being present in triplicate, which 

coincides with the location of the APP gene (Nistor et al., 2007).  

 

 
 
 
 
 

Figure 1.1 – The alternative cleavage pathways of APP. The membrane protein APP is 
processed by secretase enzymes through one of two pathways. The α-secretase cleaving 
pathway (left) is a non-pathogenic pathway in which α-secretase cleaves the protein 
extracellularly, before γ-secretase cleaves the protein within the membrane to release the 
soluble peptide, p3, and the C-terminal APP intracellular domain (AICD). However, the 
protein can also be processed through the pathogenic β-secretase pathway (right). Here 
the β-secretase enzyme cleaves the protein before γ-secretase cleaves the protein in the 
membrane again, this time producing the aggregation prone peptide Aβ-42, as well as the 
AICD. 
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1.4: The secretases 
 

1.4.1: α-secretase   

 

Multiple transmembrane metalloproteases have been proposed to act as α-

secretases. Members of the A Disintegrin And Metalloprotease (ADAM) family 

have been proposed as α-secretases– including ADAM 9, 10 and 17 (Asai et 

al. 2003). Although all display α-secretase activity the expression levels of the 

proteases vary in the brain, with ADAM10 being expressed at high levels 

whereas ADAM 9 and 17 are found at lower concentrations (Weskamp et al. 

1996; Black et al. 1997). Coupled with varied expression levels, experimental 

evidence suggests ADAM10 is the major α-site protease that cleaves APP in 

neurons (Kuhn et al. 2010). It has been shown ADAM10 is synthesised in the 

Endoplasmic Reticulum (ER) and is present as a proenzyme mainly in the 

Golgi (Lammich et al. 1999), whereas the majority of mature ADAM10 is 

found at the cell surface in neurons (Parvathy et al. 1999). It has been 

reported that mutations in the ADAM10 prodomain could cause late-onset AD 

(Kim et al. 2009), perhaps because this domain is important for preventing the 

protease from being degraded along the secretory pathway (Roghani et al. 

1999). The presence of active ADAM10 in neurons has been shown to be 

important in the processing of APP and AD, for example ADAM10 KO mice 

were shown to have almost no soluble alpha-secretase cleaved APP (sAPPα) 

secretion (Jorissen et al. 2010). It has been suggested cholesterol plays a role 

in regulating α-secretase activity (Kojro et al. 2001). It has recently been 

shown that cholesterol-lowering drugs, such as statins, can upregulate α-

secretase activity via their cholesterol lowering properties (Kojro et al. 2010). 

 

1.4.2: β-secretase   

 

The APP β-secretase has been identified as the enzyme BACE1 (β-site APP 

cleaving enzyme), a transmembrane aspartic protease (Vassar et al. 1999). 

After being identified as having β-secretase activity and shown to cleave APP, 

inhibition of BACE1 in the brain was proven to lower levels of Aβ (Li et al. 
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2006). Studies utilizing Förster resonance energy transfer techniques and 

microscopy have shown that BACE1 mainly interacts with APP in endosomes 

(Kinoshita et al. 2003). The activity of BACE1 is regulated by the low pH in 

endosomes, a favourable environment for the enzyme (Knops et al. 1995). It 

was recently shown that sAPPα directly modulates BACE1, decreasing Aβ 

production in mice (Obregon et al. 2012). In addition to this it was suggested 

Aβ can upregulate BACE1 and APP transcription by direct interaction with an 

Aβ interacting domain in the APP gene promoter, thus facilitating its own 

production (Bailey et al. 2011).  

 

1.4.3: γ-secretase   

 

Following cleavage by α- or β-secretase APP is further cleaved by γ-

secretase in a process known as Regulated Intermembrane Proteolysis (RIP) 

(reviewed by (Prox et al. 2012). γ-secretase is a complex consisting of a 

1:1:1:1 ratio (Renzi et al. 2011) of Nicastrin (Nct), Anterior pharynx defective 

one (APH1), Presenelin enhancer 2 (PEN2) and Presenilin 1 and/or 2 

(PSEN1/2) (Steiner et al. 2008). The individual roles of the proteins that make 

up this complex are not yet fully understood; it is thought PSEN1/2 is the 

active catalytic subunit (Li et al. 2000), whilst Nct is responsible for anchoring 

the substrate (Shah et al. 2005), however a role for APH1 has not yet been 

elucidated. Mutations in the PSEN component are responsible for the majority 

of familial cases of AD (Bertram et al. 2010). One of the proteins that interacts 

with and is involved in regulation of γ-secretase is Arc (Dickey et al. 2004). 

Arc is a postsynaptic protein that regulates trafficking of a number of proteins, 

and interacts with PSEN1. APP and BACE1 have been found to be trafficked 

in Arc-endosomes and deletion of Arc causes a decrease in Aβ in a mouse 

model of AD (Wu et al. 2011).  

 

1.5: APP in neurons 
 
Much of the research into APP metabolism and processing thus far has been 

carried out in non-neuronal cell systems. Historically it has not been clear how 
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similar APP processing in these systems is to APP processing in the brain, 

largely due to the difficulty of culturing and manipulating neurons as well as 

producing sufficient materials for protein biochemistry compared to other cell 

systems. However, more information about how APP behaves in neurons is 

beginning to emerge and is critical to our understanding of how the protein 

contributes to the progression of AD, in addition to being informative in studies 

using non-neuronal cell systems.  

 

 There have been a number of discrete functional in vivo roles suggested for 

APP metabolites in the brain. It had been previously reported that APP levels 

in the brain increase following traumatic brain injury, and this was traditionally 

thought to be detrimental to the patients and lead to an increase in β-

secretase cleavage of APP and Aβ production (Chen et al. 2004). However, it 

has more recently been reported that sAPPα has neuroprotective properties. 

Mice administered with a post-traumatic treatment of sAPPα showed a 

decrease in the number of apoptotic neurons and reduction in axonal injury 

(Thornton et al. 2006). Additionally, exogenous sAPPα was shown to 

enhance both short- and long-term memory in mice (Meziane et al. 1998). 

This effect was attributed to increased synaptic density and enhanced NMDA 

receptor mediated currents. Mounting evidence that presynaptic terminals are 

a major site for sAPPα secretion (Nitsch et al. 1992), coupled with more 

recent observations that sAPPα secretion correlates with enhanced synaptic 

activity (Nitsch et al. 1993; Hoey et al. 2009) suggest sAPPα may act as a 

ligand for post-synaptic neurotransmitter receptors (reviewed in (Brunholz et 

al. 2011).  

 

Much research has also been carried out on the physiological role of Aβ 

peptides, however conclusions from experimental data have varied 

substantially (reviewed in (Lahiri and Maloney 2010). Several studies have 

suggested lower concentrations of Aβ may positively regulate long-term 

potentiation and memory (Puzzo et al. 2008), as well as regulating cholesterol 

transport and homeostasis (Grimm et al. 2005). Alternatively, it has been 

reported Aβ has inhibitory effects on synaptic transmission (Moreno et al. 
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2009) and axonal transport (Pigino et al. 2009). A number of studies have 

reported that APP is localised in both axons and dendrites in neurons 

(Schubert et al. 1991; Ferreira et al. 1993; Back et al. 2007), these 

observations coincide with data showing BACE1 is also localised in axons 

and dendrites (Tienari et al. 1996). Tienari and colleagues also examined a 

number of sorting signals on APP itself, finding the Aβ region to be essential 

for axonal trafficking (Tienari et al. 1996). Interestingly it has been suggested 

that APP is differentially processed at pre- and post-synaptic sites, and that 

the majority of aggregated Aβ results from APP that has been transported 

along axons rather than dendrites (Lazarov et al. 2002).  

 

Recent research into APP processing in neurons suggests that there are 

some neuron-specific features of APP trafficking due to the complex and 

specialised subcellular organisation of the cell. Although the majority of APP 

in both neuronal and non-neuronal cells is processed by α-secretase (Sisodia 

et al. 1990), it has been shown that in neurons a larger fraction of APP is 

processed by β-secretase (Simons et al. 1996). Due to their size and 

complexity neurons have developed a specialised mechanism for trafficking 

proteins, known as fast axonal transport. APP interacts with a number of 

different proteins in neurons that are involved in fast axonal transport 

(reviewed in (Morfini et al. 2002). For example, APP has been shown to 

interact, via a YKFFE sequence in its cytosolic tail, with a subunit of the 

adaptor protein 4 (AP4) complex to facilitate the sorting of APP into specific 

post-Golgi transport vesicles (Burgos et al. 2010). Consistent with the 

proposed function of APP in neurons APP has been shown to interact with a 

number of pre-synaptic proteins in these transport vesicles (Groemer et al. 

2011). Due to the observation that aggregation prone Aβ-42 is generated from 

APP that has been transported along axons, a number of groups investigated 

whether APP was co-transported with the secretases responsible for its 

processing. Kamal et al. suggested that APP, BACE1 and γ-secretase are co-

transported in the same discrete transport vesicles, and that APP undergoes 

processing as the components are trafficked along the axon and that fast 

axonal transport of this compartment is mediated by APP and kinesin-I 
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(Kamal et al. 2001). However, more recent studies failed to detect Aβ within 

axonal compartments (Goldsbury et al. 2006). This study also used live cell 

imaging to show APP and BACE1 in separate vesicles along the axon 

(Goldsbury et al. 2006). Furthermore, studies with all secretase components 

found only active ADAM10 was detected in APP-containing vesicles (Szodorai 

et al. 2009). Together, these data suggest APP and its secretases are 

trafficked separately and that pathogenic cleavage of the protein occurs in 

specific areas within the neuron, after it has been transported.  

 

1.6: APP trafficking  
 

A number of groups have investigated the path though which APP is trafficked 

around the cell, in numerous cell lines and begun to clarify which proteins are 

involved at each stage. It is generally accepted that APP is trafficked through 

the endoplasmic reticulum (ER), Golgi and trans-Golgi network (TGN) to the 

plasma membrane, where it can either be processed and secreted or recycled 

through clathrin coated endocytic vesicles (reviewed in (Thinakaran and Koo 

2008; Claeysen et al. 2012). It is believed the majority of β-secretase activity 

occurs as APP is endocytosed and rapid, unperturbed transport to the plasma 

membrane favours non-amyloidogenic cleavage (Claeysen et al. 2012). A 

recent study by Khalifa et al. showed high levels of APP are found in the 

ERGIC, the compartment between the ER and Golgi (Khalifa et al. 2012). 

They also highlighted the importance of the KPI domain, found in the APP795 

isoform but not in the neuronally expressed APP695 isoform, in allowing 

transport of APP out to the plasma membrane. This may be one explanation 

to account for high levels of Aβ in neurons when compared to other cells.  

 

When in the Golgi and TGN, APP is heavily post-translationally modified. The 

protein is glycosylated, phosphorylated and tyrosine sulphated. It has been 

reported there is some ADAM 10 activity in the TGN, however this is a very 

small proportion when compared to α-secretase activity at the plasma 

membrane (Skovronsky et al. 2012). One study into α-secretase activity also 

reported ADAM 10 activity in trafficking vesicles moving towards the 
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membrane (Szodorai et al. 2009). This observation serves to back up the 

widely believed theory that APP trafficking along the secretory pathway leads 

to non-amyloidogenic cleavage of the protein.  

 

In contrast to this experimental data suggests that Aβ-42 production occurs 

mainly as APP is recycled through the endocytic sorting pathway. The C-

terminally located YENPTY motif of APP, to which a number of neuronal 

trafficking adaptors including Mint1, bind is essential for this internalisation 

(Perez et al. 1999). High levels of β secretase activity have been reported in 

endocytic compartments (Grbovic et al. 2003). The relevance of APP 

endocytosis in Aβ-42 production is also highlighted when the process is 

disrupted. It was recently observed that overexpressing a component of the 

E3 ubiquitin ligase complex, FBL2 (F-box and leucine rich repeat protein 2), 

inhibited APP endocytosis by promoting its ubiquitination (Watanabe et al. 

2012). Increased ubiquitination was shown to have an effect on both cell 

surface APP, inhibiting endocytosis and reducing Aβ production, and on 

intracellular APP, by promoting its ubiquitin dependent degradation. Mutations 

in APP have also been shown to affect the protein’s degradation in the 

lysosome. A recent study by Lorenzen et al. demonstrated that APP can be 

rapidly and directly transported to the lysosome for degredation, however the 

presence of either London or Swedish mutations of the protein inhibited this 

direct transport (Lorenzen et al. 2010).  

 

In contrast to reports of high β and γ secretase activity in endosomes, Burgos 

et al. proposed high levels of the enzymes were actually found in the Golgi 

(Burgos et al. 2010). This study demonstrated APP interacts with adaptor 

protein 4 (AP-4), which is involved in sorting of proteins in post-Golgi 

compartments, to move out of the TGN to endosomes. They reported 

disruption of this interaction resulted in an increase in γ secretase activity on 

APP and an increase in Aβ-42 production.  
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1.7: APP adaptor proteins 
 
Processing and trafficking of the APP protein is by the interaction of a number 

of adaptor proteins with the conserved YENPTY sequence in the C-terminal 

domain of the protein. Interaction with these adaptor proteins has been shown 

to alter the levels of Aβ in the cell, as discussed later. These interactions are 

therefore important for studying the progression of AD and might be 

exploitable as therapeutic targets for the disease. There are four known 

neuronal trafficking adaptors of APP that bind to this motif via conserved 

phosphotyrosine binding (PTB) domains; Fe65, Mint, JIP and DAB.  

 

1.7.1: Fe65 
 
There are three members of the Fe65 family; Fe65, Fe65-like 1 (Fe65L1) and 

Fe65-like 2 (Fe65L2). Their name is derived from the initials of the first author 

(FE), plus the clone number (65) and they were found when characterising 

brain specific cDNA fragments (Esposito et al. 1990). They were subsequently 

identified as APP adaptor proteins using the yeast two-hybrid system (Fiore et 

al. 1995). They bind to the YENPTY motif of APP in a phosphotyrosine 

independent manner through their PTB domain (Zambrano et al. 1997). The 

proteins all contain two PTB domains, as well as a WW domain, which binds 

to particular proline rich motifs. This WW domain links the proteins to actin via 

Mama (mammalian active) (Ermekova et al. 1997), thus indicating the family 

plays a role in cellular trafficking.  

 

There are contrasting reports as to what role Fe65 plays in regulating APP 

processing. It was reported that APP and Fe65 colocalise in the ER and Golgi 

and that Fe65 increases translocation of APP to the cell surface resulting in 

an increase of sAPPα and Aβ in a non-neuronal cell system (Sabo et al. 

1999). One study also showed Fe65 null primary neuronal cultures from 

transgenic mice displayed a reduction in Aβ secretion. However, expression 

of human Fe65 has been reported to decrease Aβ production in APP 
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transgenic mice known to show Aβ plaque loads by 6 months (Santiard-Baron 

et al. 2005). 

 

The mechanism by which γ-secretase cleavage of APP occurs is homologous 

to the process of cleaving the Notch receptor. The Notch signaling pathway is 

involved in cell proliferation, cell fate and cell death in development. One 

mechanism involved in this pathway is intramembranous γ-cleavage of the 

Notch receptor, with the translocation of the intracellular domain to the 

nucleus in order to regulate the transcription of related genes (Bray 2006). 

Much support has been put forward for APP to act in this manner. It has been 

reported that when Fe65 is bound to the intracellular domain of APP (AICD) 

the complex can stimulate transcription of the APP and BACE1 (which 

cleaves APP at the β-secretase site) (von Rotz et al. 2004).  Fe65 interacts 

with a number of nuclear proteins (reviewed by (McLoughlin and Miller 2008). 

It has been reported by numerous groups that Fe65 forms a transcriptionally 

active complex with the AICD in heterologous gene reporter systems 

(Scheinfeld et al. 2003; Araki et al. 2004; Perkinton et al. 2004; Cao and 

Südhof 2006). Although it is as yet unclear precisely how this mechanism 

works, it has been proposed the interaction between Fe65 and the AICD 

could be regulated by phosphorylation. Phosphorylation or mutation of Thr668 

in the AICD region of APP blocks Fe65 binding (Ando et al. 2001; Chang et al. 

2006). Similarly phosphorylation of the residue tyrosine 547 in the second 

PTB domain of Fe65 stimulated transcription (Perkinton et al. 2004). 

 

1.7.2: Dab1 
 
Disabled 1 (Dab1) is active in embryogenesis and has a role in regulating the 

position of neurons during development.  Dab1 has been shown to bind to the 

YENPTY motif of APP in a phosphtyrosine-dependant manner (Howell et al. 

1999). The effects of Dab1 on APP trafficking and processing are largely 

unclear. Dab1 regulates neuronal positioning via the Reelin signaling pathway 

(Bar et al. 2000). Reelin is a secreted glycoprotein that is involved in the cell-

cell interactions that are vital for neuronal migration and development (Rice et 
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al. 1998). Treatment of cells with the extracellular Reelin protein has been 

seen to increase co-immunoprecipitation of Dab1 and APP; and Reelin itself 

can increase cleavage of APP (Hoe et al. 2006).  

 

It has been shown that Dab1 can be phosphorylated and regulated by the Src 

family kinase Fyn, which, in turn, can be regulated by reelin (Hoe et al. 2008). 

Fyn has been shown to localise to detergent resistant membranes (DRM) in 

cells (Kramer et al. 1999), interestingly high amounts of β- and γ-secretases 

are also found to localise to DRMs (Parkin et al. 1999). It was found that 

treatment of cells with reelin increased the localisation of Dab1 and APP to 

DRMs, however the treatment also increased phosphorylation of Dab1 

therefore decreasing its interaction with APP. This effect was not seen in Fyn 

knockout mutants, suggesting reelin promotes recruitment of APP and Dab1 

to DRMs and regulates the activity of Fyn, which regulates the Dab1-APP 

interaction (Minami et al. 2011).  

 

A number of studies have shown that Dab1 can compete for binding to APP 

with other neuronal adaptors. One study has also shown that Mint1 

expression can counteract the effect of Dab1 on APP levels (Parisiadou and 

Efthimiopoulos 2007). They found that increasing levels of Mint1 reduced the 

levels of Dab1 bound to APP, whereas the opposite effect was not observed. 

Surprisingly, it was found that the unphosphorylated C-terminus of Dab1 can 

bind to Fe65, and decreases the effect of Fe65 on APP processing (Kwon et 

al. 2010). This competition for binding to the C-terminal YENPTY motif of APP 

could provide a further level of regulation for APP processing and trafficking.  

 

1.7.3: JIP 
 

JIPs are a family of c-Jun N-terminal kinases (JNK) interacting proteins; they 

act as scaffold proteins for JNK and MAP kinases. There are 4 members of 

the JIP family; JIP1 and 2 have an SH3 domain, a PTB domain and a JNK 

interacting domain, whereas JIP3 and 4 have a coiled-coil domain, a 

transmembrane domain and the JNK interacting domain. JIP1 and 3 have 
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been shown to be important in axonal transport via interaction with a number 

of proteins (Koushika 2008). APP has been identified as one of the cargoes to 

which JIP1 can bind (Matsuda et al. 2001) however the relevance of this 

interaction is still under debate. It has been shown that JIP1 can stabilise 

immature APP and decrease the production of Aβ, suggesting the adaptor 

directly regulates APP processing (Taru et al. 2002). It is possible JIP1 acts 

as a scaffold protein for JNK and APP as the presence of JIP1 enhanced in 

vitro phosphorylation of APP at threonine668 (Inomata et al. 2003).  

 

Coprecipitation experiments suggest JIP proteins, pre-loaded with cargo 

proteins, interact with kinesin light chain (KLC) acting as scaffolds for motor-

protein trafficking (Verhey et al. 2001). It has been suggested that this 

interaction may mediate APP interaction with kinesin light-chain 1 in a 

mechanism regulating APP trafficking (Matsuda et al. 2003). However, others 

suggest that APP and KLC interact directly (Kamal et al. 2000). It has also 

been illustrated JIP1 can interact with the AICD to promote transcription of 

APP, however, unlike Fe65, the study suggests JIP1 and AICD interact in the 

cytosol rather than in the nucleus (Scheinfeld et al. 2003). 

 
1.7.4: Mints 

There are 3 isoforms of Mint (Mint1/X11α, Mint2/X11β, Mint3/X11) all of which 

bind to the YENPTY motif in the intracellular domain of APP (Figure 1.2). 

Mints1 and 2 are specifically expressed in the brain, whereas Mint 3 is 

expressed ubiquitously (Okamoto and Sudhof 1997). The isoforms have 

conserved C-terminal domains, differing in their N-terminus. The domain 

structure of Mint1 is shown in figure 1.2. They are all highly conserved and 

homologues have been found in a number of organisms, such as the C. 

Elegans homologue lin-10. The proteins were named Mint (Munc18 

interacting proteins) when they were found to be adaptors for the synaptic 

protein Munc18 (Okamoto and Sudhof 1997).  

Mint proteins have been implicated in neuronal trafficking. Mint 1 has been 

shown to bind, via its PDZ domain, to the motor protein KIF17 (Setou et al. 
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2000), whilst Mint 2 can be immunoprecipitated with kinesin-heavy chain 

(Araki et al. 2003). In neurons, APP is processed whilst being trafficked to the 

neuronal terminals (Wilquet and Strooper 2004). It is thought this process is 

associated with the kinesin light-chain subunit of kinesin-1 (Kamal et al. 

2000). These factors indicate Mint-APP interactions are of physiological 

importance for studying AD pathology.  

 

A number of laboratories have shown that altering expression levels of Mint 1 

or 2 has an effect on APP processing. For example, over expression of Mint 1 

and 2 have been shown to stabilise APP and therefore reduce the levels of Aβ 

produced (Saito et al. 2008), (Borg et al. 1998).  

Mice with Mint mutations were crossed with Alzheimer model mice (Tg2576) 

predisposed to the early accumulation of Aβ plaques. Deletion of all three Mint 

proteins was shown to reduce the level of both Aβ40 and Aβ42, as well as the 

number of Aβ plaques in the Tg2576 mice (Ho et al. 2008).  However, the 

mechanism by which this occurs is unknown. It has been suggested that 

Figure 1.2 – Domain structure of APP adaptor protein Mint1. Showing the 
Munc18 binding domain (MBD), CASK binding domain (CBD), phosphotyrosine 
binding domain (PTB) and the two PDZ domains (post synaptic density protein 
(PSD95), Drosophila disc large tumor suppressor (Dlg1), and zonula occludens-1 
protein (zo-1) domain). The PTB domain of the protein binds to the YENPTY 
sequence of APP situated in the intracellular section of the protein and has been 
shown to play a role in regulating APP trafficking. The grey line represents the 
plasma membrane. 
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Mints could interfere with Fe65-APP interactions. Mints 1 and 2 may block the 

upregulation of BACE1 and APP genes, which is thought to be regulated by 

Fe65 (Lau et al. 2000). Alternatively, more recent studies have suggested 

Mints 1 and 2 may interfere with γ-secretase cleavage of APP. In order to 

function γ-secretase requires four components; PSEN1, PSEN2, APH1 and 

nicastrin. Mint may interfere directly with this complex in a number of ways, 

either at the level of transcription or by interfering with binding (reviewed in 

(Miller et al. 2006). It was reported that Mint1 impairs γ but not β cleavage of 

APP, potentially by preventing the APP from being trafficked to sites of active 

γ-secretase (King et al. 2004). Mint 2 and the Mint 2 binding protein, alcadein, 

have also been shown to inhibit Presenelin-1 APP interactions (Araki et al. 

2003).  

The Mint proteins have recently been shown to play a role in APP trafficking. 

Mint knock-out neurons were shown to have reduced internalisation of APP 

from the plasma membrane (Chaufty et al. 2012).  

1.8: Regulating the Mint-APP interaction  

There is still little known about the mechanisms by which the Mint-APP 

interaction is modulated. Earlier studies indicated the N- and C- termini of 

Mint1 play an important role in the regulation of the protein. It was shown that 

overexpression of Mint1 N-terminal domains were sufficient for promoting 

APP and Aβ secretion, whereas overexpression of the C-terminus alone 

reduced APP metabolism (Mueller et al. 2000). The C-terminus, including the 

two PDZ domains, has since been implicated in regulating Mint1 activity via 

conformational changes, resulting in autoinhibition. One study found the C-

terminal tail of Mint1 displayed intramolecular interactions with the first PDZ 

domain of the protein, thus forming an autoinhibited conformation (Long et al. 

2005). More recently, it has been shown a similar mechanism; again involving 

the C terminal domain of Mint1 can inhibit binding between the Mint1 PTB 

domain and target proteins (Matos et al. 2012). This study showed a C-

terminal linker region of the protein is structurally located adjacent to the PTB 

domain and the short alpha helix can sterically inhibit APP binding. 
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Furthermore, the study suggests tyrosine phosphorylation could play a part in 

this regulatory mechanism. Mutating the residue Tyr633 was shown to disrupt 

this inhibitory interaction and increase APP binding and Aβ production. Similar 

structural regulatory mechanisms have been suggested for the Mint2-APP 

interaction. One recent study demonstrated the protein undergoes a 

conformational change between an ‘open’ and ‘closed’ structure in which the 

region between the PDZ and PTB domains blocks the peptide binding region 

of the PTB domain in a ligand free structure (Xie et al. 2012). Despite early 

studies suggesting the Mint N-terminal played an important role in regulating 

Mint activity, little work has since been done to elucidate the specific 

mechanisms by which this occurs. 

 

1.9: Regulation of APP trafficking by protein phosphorylation 
 
The mechanisms for how the interactions of APP with its trafficking adaptors 

and secretases are regulated, both temporally and spatially, are poorly 

understood.  However, phosphorylation, and in particular tyrosine 

phosphorylation, has been shown to add a layer of regulation to APP function.  

Reports from several laboratories have shown that Src family kinases (SFKs) 

can modulate APP adaptors via tyrosine phosphorylation. For example, Dab1 

has been shown to interact with the SFK Fyn (Howell et al., 1997). Fyn has 

been shown to phosphorylate both Dab1 and APP to affect the level of APP 

processing (Hoe et al., 2008). It was found that, whilst Fyn alone could alter 

the processing of APP, this effect was increased in the presence of Dab1, 

suggesting the regulation is a collaborative process. In addition to this Abl, 

another tyrosine kinase related to Src, has been shown to interact with APP 

and the Fe65 adaptor protein. It has been shown Abl can stimulate 

Fe65/APP-mediated transcription (Perkinton et al., 2004). It is unclear how 

this phosphorylation affects their transcriptional activity. The study by 

Perkinton et al. suggested it didn’t do this through inhibiting the Fe65-APP 

interaction, as was initially thought. A previous study revealed that 

phosphorylation of two serine residues (Ser 236 and 238), which are located 

N-terminal to the PTB domain, enhances the association between Mint2 and 
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APP (Sakuma et al., 2009).  This phosphorylation was seen in Mints extracted 

from the brain, but not in the ubiquitously expressed Mint3, indicating it is an 

important feature of APP regulation. Another recent study has identified 3 

tyrosine residues in Mint2 which are phosphorylated by the tyrosine kinase c-

Src (Chaufty et al. 2012). Moreover the study found the phosphorylation state 

of Mint2 had an effect on the sub-cellular localisation of the protein. They 

found that a phospho-mimetic mutant of Mint2 heavily colocalised with the 

autophagosome marker LC3, whereas a phospho-resistant mutant form of the 

protein colocalised with a Golgi marker (Chaufty et al. 2012). Importantly the 

study found the phosphorylation state of Mint2 had no effect on the proteins 

binding affinity for APP, nor the expression of the protein. 

 

1.10: Src family kinases 
 

Tyrosine phosphorylation has been implicated in the regulation of a number of 

cellular processes, including cell motility, proliferation and differentiation. 

There are a number of different protein tyrosine kinase families, one of which 

is the Src family kinases (SFKs). SFKs were first identified in their oncogenic 

from, v-Src, in the Rous sarcoma virus (Brugge and Erikson 1977). v-Src is a 

mutated version of the ubiquitously expressed c-Src. Src was found to 

possess tyrosine kinase activity in 1978 (Collett and Erikson 1978), and has 

since been implicated in a number of cellular functions. Src is one of 9 non-

receptor tyrosine kinases (nRTKs) that make up the SFKs. The proteins share 

six common, functional domains- a myristylation domain that associates the 

kinase with cellular membranes; a unique domain; Src homology (SH) 

domains SH2 and SH3 that interact with target proteins; the tyrosine kinase 

domain; an autophosphorylation site which is involved in autoregulation; and a 

C-terminal regulatory domain. 
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1.11: Src activation and regulation 
 
Src activity itself is regulated by tyrosine phosphorylation. It was noted that 

tyrosine-416 of c-Src was phosphorylated in transforming, oncogenic forms of 

Src, but was not 

phosphorylated in 

inactive wild-type c-

Src (Cooper et al. 

1986; Parsons and 

Weber 1989). It has 

since been found 

there are two sites on 

which Src in 

phosphorylated that 

cause conformational 

changes in the 

protein (Figure 1.3). 

When inactive, Src 

is phosphorylated 

on Y527 in the 

regulatory C-

terminal domain, 

this interacts with 

the SH2 domain 

(Roussel et al. 

1991) causing the 

linker region 

between the kinase 

and SH2 domains to 

interact leaving the 

protein in a folded, 

‘closed’ conformation, at basal levels 90-95 % of c-Src is in this state (Zheng 

et al. 2000). Src is phosphorylated at Y527 by either C-terminal Src kinase 

Figure 1.3 – The domains and regulatory mechanism of 
Src kinases. A) Src kinase activity is regulated by 
phosphorylation causing a conformational shift between 
‘closed’ inactive conformations and the ‘open’ active 
structure. Y527 can be phosphorylated by Csk or Chk. 
The phosphotyrosine then forms intramolecular 
interactions with the SH2 domain causing it to be in the 
‘closed’ conformation. Alternatively the protein is active 
and ‘open’ following dephosphorylation of Y527, by any of 
a number of phosphatases, and intermolecular 
autophosphorylation of Y416 promoting kinase activity. B) 
The domain structure of Src kinases. Shown is the 
myristolation domain, the SH3 (Src homology 3) and SH2 
domains, and the tyrosine kinase domain. The SH3 
domain recognizes a PXXP motif in target proteins. Sh2 
domains typically bind to phosphotyrosines. The neuron 
specific Src isoforms N1 and N2-Src have short amino 
acid inserts in their SH3 domains of 6 and 18 residues 
respectively. 
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(Csk) (Okada and Nakagawa 1989)  or Csk homology kinase (Chk) (Zrihan-

Licht et al. 1997). Dephosphorylation of Y527 and phosphorylation of Y416 

disrupts the intramolecular interactions resulting in the protein being in an 

‘open’ active conformation. Src undergoes an intermolecular 

autophosphorylation at Y416 (Roskoski 2004). There are numerous candidate 

phosphatases which have been implicated in Y527 dephosphorylation, these 

include PTP1B, Shp1 (Src homology 2 domain-containing tyrosine 

phosphatase 1), Shp2, PTPα, PTPγ and PTPε (Levin 2004). The importance 

of this regulatory mechanism is highlighted in the consequences of a mutation 

in the c-terminus of c-Src which causes a frame shift and disrupts it’s 

interaction with the SH2 domain, this mutation causes the protein to be 

constitutively active and giving rise to the oncogenic v-Src form of the protein 

(Takeya and Hanafusa 1983). 

 

In an additional regulatory mechanism, it has been found that the activity state 

of Src is also dependent on its cellular localisation. Trafficking studies carried 

out using a temperature sensitive mutant of v-Src found that the protein was   

present in its inactive state localised to the perinuclear region, whereas the 

active form of the protein was found at the periphery of the cell (Welham and 

Wyke 1988). The same activity-localisation pattern was noticed with c-Src, 

where the inactive form of the protein was associated with the perinuclear 

region and colocalised with endosomal markers (Kaplan et al. 1992). Despite 

these early observations, until recently, very little was known about the spatial 

regulation of SFK activity and whether the association with endosomal and 

membrane compartments was significant (Kaplan et al. 1992). Recent 

studies, using a phospho-antibody specific to active c-Src, showed that c-Src 

was held, in its inactive form, in the perinuclear region. However, stimulation 

of the protein with growth factors resulted in translocation of c-Src to the 

plasma membrane, where it is activated and localises in cytoplasmic 

endosomes (Sandilands et al. 2004).  
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1.12: Src in neurons 
 
It is well documented that one of the main functions of Src in neurons is to 

regulate the ion channels involved in synaptic plasticity. Src has been found to 

regulate the NMDA receptor (Wang and Salter 1994), potassium channels 

(Fadool et al. 1997), calcium channels (Cataldi et al. 1996), γ-aminobutyric 

acid type A  (GABAA) (Moss et al. 1995) and nicotinic acetylcholine receptors 

(Wang et al. 2004). It has been shown for example, that Src mediates NMDA 

receptor activity by balancing receptor phosphorylation and 

dephosphorylation, one study showed that inhibiting phosphotyrosine 

phosphatase (PTP) activity and increasing exogenous Src expression in cells 

enhances NMDA mediated currents (Wang and Salter 1994). This process 

highlights the flexibility and reversible nature of regulating protein function by 

phosphorylation. NMDA receptors are involved in numerous aspects of 

neuronal plasticity, including long-term potentiation (LTP) in learning and 

memory. Importantly NMDA receptor upregulation by Src is required for the 

induction of LTP at synapses in the hippocampus (Lu et al. 1998; Huang et al. 

2001). Src expression in significantly upregulated in neuronal development 

(Cartwright et al. 1988), however it is also expressed at high levels in 

differentiated, post mitotic neurons (Cotton and Brugge 1983; Sudol and 

Hanafusa 1986). Src null mice show no significant neuronal phenotypes 

however do present with bone formation defects and osteopetrosis (Soriano 

et al. 1991). This is most likely due to redundancy in function between SFKs 

in neurons. Another SFK that is highly expressed in neurons is Fyn. Fyn 

knockout mice, in contrast to Src deficient ones, do show abnormal neuronal 

phenotypes. These mice show impaired LTP and decreased short and long 

term contextual fear memory (Grant et al. 1992). Impairments in ion channels 

and the hippocampal region of the brain have been linked to a number of 

neurological diseases including AD (Santos et al. 2010), especially in the 

early stages of the disease(Gotz et al. 2011). In fact the NMDA receptor 

inhibitor memantine is used as an AD treatment (Schmitt et al. 2007), thus 
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highlighting the importance of SFK mediated regulation of neuronal 

processes. 

 
Following the identification of the ubiquitously expressed c-Src it was found 

that neurons expressed a higher level of a more active form of Src than seen 

in cells from other tissues (Brugge et al. 1985). This neuronal Src was shown 

to be one of two neuronal splice variants of c-Src, both posses short amino 

acid inserts in their SH3 domain (Brugge et al. 1985; Pyper and Bolen 1990).  

 

Since the identification of the two variants, N1 and N2-Src, little progress has 

been made in elucidating whether the kinases have any specific targets or 

functions that differ from c-Src. However, research into the roles of SH2 and 

SH3 domains does suggest that, due to their important role in regulating the 

interactions of kinases to their target proteins, splice variations in these 

domains would effect the affinity of the kinases for certain targets. A recent 

study by Groveman et al. (2011) examined the differential effects of the SH2 

and SH3 domains of neuronal Src on phosphorylation. They found that 

dysfunction of the SH2 domain has a greater detrimental effect on Src kinase 

activity than that of the SH3 domain. Previous studies have also shown that 

conformational changes in Src kinases, shifting the position of the SH2 and 

SH3 domains, can alter its kinase activity (Nagar et al., 2006, Filippakopoulos 

et al., 2008).  

 

1.13: Project aims 
 
Mint1 has previously been identified as a C-Src substrate in the laboratory 

(Figure 1.4; Dunning et al., manuscript in preparation). When screening the 

Mint1 amino acid sequence for functional domains and motifs, it was noted 

there was a YEEI motif, the canonical motif recognised by Src kinases, in the 

N-terminus. In vitro kinase assays using Mint1 N-terminus (1-431) showed 

that this motif showed tyrosine phosphorylation by C-Src. In addition to this it 

was noted, as the N-terminus of Mint proteins differ significantly, no 

phosphorylation was detected on the equivalent regions of Mint 2 and 3 

(Figure 1.4A). Subsequent in vitro phosphorylation of recombinant Mint1 and 



	   31	  

analysis of the phosphorylated protein following 2D-gel electrophoresis and 

LC-MS/MS (liquid chromatography-tandem mass spectrometry) found the 

phosphorylated peptide (the sequence of which is shown in figure 1.4) was 

present in its mono-, di- and tri-phosphorylated forms. All detected peptides 

were phosphorylated on Y202, with subsequent phosphorylation at Y191 and 

Y187. Significantly neither phosphorylation of Y191/Y187 alone nor 

phosphorylation of Y202 and Y187 was observed. More over, mutation of 

Y202 to a phospho-resistant phenylalanine resulted in abolition of all 

phosphorylation. It was therefore concluded that Mint1 is processively 

phosphorylated by Src kinase at the three residues (Dunning et al., 

manuscript in preparation, Figure 1.4). 

 

In addition to this it was noted that overexpression of Mint1-WT disrupted the 

regular appearance of APP distribution in COS7 cells, and moreover that this 

disruption was not observed in cells overexpressing Mint1-Y202F (Dunning et 

al., manuscript in preparation). These findings suggest phosphorylation of the 

N-terminal region of Mint1 may play an important role in regulation of APP 

trafficking, and that this regulation is specific for Mint1. I therefore aim to study 

the effects of Mint1-WT or -Y202F and Src kinases on the APP subcellular 

trafficking cycle. In order to do this I used a combination of in vivo studies of 

the APP trafficking cycle in a HeLa cell system, along with in vitro assays. 
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Figure 1.4- Preliminary data from the laboratory (adapted from Dunning et al., 
manuscript in preparation. A) Mint1 (1-431) is seen to be phosphorylated by 
Src, whereas Mints 2 (1-341) and 3 (1-184) show no phosphorylation. A kinase 
assay with C-Src was carried out with GST-fusions of N-terminal Mint regions. 
Phosphorylation was detected by immunoblotting (top panel). Coomassie 
loading control (* show Mint1-3 loading) is shown in the bottom panel. B) 
Sequences and masses of the phosphopeptides detected by mass 
spectrometry. Highlighted are the tyrosine residues that are phosphorylated by 
Src. C) Mutation of Mint1-Y202 to phenylalanine was shown to stop all Mint1 N-
terminal phosphorylation by C-Src in a recombinant Mint1 kinase assay when 
probed with an anti-phosphotyrosine antibody (top panel). Coomassie staining 
for protein loading is shown in the bottom panel.  
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2: Materials and methods 

 
2.1: Materials 
 

Rabbit, monoclonal anti-Myc antibody and rabbit, polyclonal anti-FLAG were 

purchased from Cell Signalling Technologies, Hitchin, UK. Mouse anti-

phosphotyrosine (PY20) was purchased from BD Biosciences, Oxford, UK. 

The anti-GFP antibody (used to detect CFP and YFP) was a generous gift 

from Paul Pryor’s laboratory (University of York). Mouse anti-β-actin antibody 

was obtained from Proteintech, Manchester, UK. Mouse, monoclonal anti-

FLAG was purchased from Sigma Aldrich Company Ltd, Dorset, United 

Kingdom. Anti-mouse and anti-rabbit, Horseraddish peroxidase-linked 

secondary antibodies produced in goat were obtained from Sigma Aldrich 

Company Ltd, Dorset, UK. Alexa-fluor conjugated secondary antibodies used 

in immunocytochemistry were as follows; Anti-mouse Alexa-594 and -568, 

Anti-rabbit Alexa-488, and were purchased from Invitrogen, Paisley, UK. 

 

Miniprep purification of plasmids was carried out using the QIAprep Spin 

MiniPrep Kit according to the manufacturers instructions. Gel extraction of 

DNA was carried out using QIAquick Gel Extraction Kit according to the 

manufacturer’s instructions (QIAGEN, Sussex, UK). Proteins were produced 

using XL10 Gold Ultracompetent E. Coli purchased from Agilent technologies, 

Berkshire, United Kingdom. For culturing of cell lines Dulbecco’s modified 

eagle medium, Penicillin-streptomycin and FBS were all obtained from 

Invitrogen Ltd, Paisley, United Kingdom. For transfections, Ecotransfect was 

purchased from Oz biosciences, Nottingham, UK. 
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Table 2.1: Plasmids used in cell expression experiments 

Gene of interest Species 
of gene 

Tag (Terminal) Vector 

Mint1WT 
1-842  

(full length) 

Mouse CFP (N) 

MYC (N) 

pmCer 

pMH (Roche) 

Mint1-Y202F 
1-842  

(full length 

Mouse CFP (N) 

MYC (N) 

pmCer 

pMH (Roche) 

APP(695) Human FLAG (C) 

YFP (C) 

pcDNA5/FRT/TO 

pFLAG-N1(YFP 

introduced to replace 

FLAG) 

N1-Src Rat FLAG (C) pcDNA5/FRT/TO 

C-Src Rat FLAG (C) pcDNA5/FRT/TO 

 
Table 2.2: Constructs used in in vitro assays 

Protein Region  Tag Plasmid 

Mint1 1-341  
(N-terminus) 
183-208 
(Phospho-box) 

GST 
 
GST 

pGEX-6P1 

N1-Src  His pGEX4T-1 

(PTP1B fusion 

and 3C protease 

site) 

C-Src  His pGEX4T-1 
(PTP1B fusion 

and a 3C 

protease site) 
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2.2: Expression, production and purification of His-tagged Src kinases 
  
Transformed, competent XL10 Gold were grown to an appropriate cell density 

(showing an absorbance at 600 nm of around 0.6-1) in 1 L autoclave sterilised 

supermedia containing 5 g/l NaCl, 15 g/l tryptone, 25 g/l yeast extract and the 

appropriate antibiotic (Ampicillin at 100 µg/ml, kanamycin at 50 µg/ml). Protein 

production was induced by the addition of isopropyl-β-D-1 

thiogalactopyranoside (IPTG) at a concentration of 1 mM and incubated 

overnight with aggitation at 18 °C. The culture was then spun at 5000 rpm for 

10 minutes. Pellets were resuspended in PBS containing 1 mM of the serine 

protease inhibitor phenylmethanesulfonylfluoride (PMSF) and incubated on 

ice for 30 minutes. The suspensions were then sonicated at 10 kHz to lyse 

bacteria cells on a 30 second on 30 second off cycle 6X on ice. The sonicated 

suspension was then centrifuged at 15000 rpm for 30 minutes at 4 °C. The 

protein, now present in the supernatant, was bound to 2 mL of glutathione-

sepharose beads in a 50 % slurry in PBS by incubating the two for 2-3 hours 

at 4 °C with agitation. Following the incubation the beads were washed in 

PBS and centrifuged at 860 rpm, for 3 minutes at 4 °C 5X, once in 1.2 M NaCl 

in PBS, and a final wash in PBS. Excess PBS was removed to leave beads in 

a 50 % slurry and beads were transferred to a 1.5 mL eppendorf. The protein 

was cleaved by overnight incubation at 4 °C with 3 units of 3C PreScission 

protease. The presence and effective cleavage of the proteins was tested 

using SDS-PAGE. Samples were separated on a 10 % SDS-PAGE gel at 160 

V for around one hour. Gels were then stained with Coomassie protein stain 

(50 % Methanol, 9 % Acetic acid, 0.3 % Brilliant blue R) for 30 minutes and 

destained using 14% acetic acid, 7% methanol in distilled H2O for 30 minutes. 

Proteins were stored in kinase storage buffer (50 mM Tris-HCl pH 7.5, 100 

mM NaCl, 0.05 mM EDTA, 1 mM DTT, 10 % glycerol, 1 mg/mL BSA (prevents 

aggregation of kinase and adsorption to tube wall) and 0.05 % NP-40) at -80 

°C. 
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2.3: SDS-PAGE   
 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

carried out using a Bio Rad Mini-PROTEAN Tetra cell gel apparatus (Bio-Rad 

Laboratories Ltd, Hemel Hempstead, UK) according to the manufacturer’s 

protocol. Gels were prepared with either 7.5 % or 10 % resolving gel (375 mM 

Tris.HCl, pH 8.8, 0.1 % SDS, 10 or 7.5 % acrylamide, 0.05 % Ammonium 

persulfate and 0.01 % TEMED) with 4 % stacking gel (125 mM Tris.HCl, pH 

6.8, 0.1 % SDS, 4 % acrylamide, 0.05 % Ammonium persulfate and 0.01 % 

TEMED). Gels were run in SDS running buffer (25 mM Tris, 0.192 M glycine 

and 0.1 % SDS in distilled H2O). Gels were run at 160 V for around 60 

minutes, or until the dye front reached the bottom of the gel. Gels were then 

either stained using Coomassie blue, or transferred for Western blot analysis.  

 

2.4: Western blotting  
 
Proteins were transferred from SDS-PAGE gels using Bio-Rad Mini Trans-

Blot transfer apparatus (Bio-Rad Laboratories Ltd, Hemel Hempstead, 

Hertfordshire, HP2 7DX).  Proteins were transferred onto Polyvinylidene 

fluoride (PVDF) membranes. PVDF membranes were used for their increased 

protein retention, and increased resilience allowing reprobing of membranes 

when compared to the alternative nitrocellulose membranes. PVDF 

membranes were first activated in 100 % methanol for around 30 seconds, 

before being equilibrated along with SDS-PAGE gels in transfer buffer (25 mM 

Tris, 190 mM Glycine and 20 % Methanol). Transfer apparatus was 

assembled in cassettes containing the gel and PVDF membrane surrounded 

by 3 MM filter paper and pads, taking care to ensure there was no air bubbles 

between the gel and membrane. The transfer was carried out at either 66 V 

for 1 hour or 20 V overnight, with an ice block in the transfer tank to avoid 

overheating. Transfer efficiency was tested by staining the membrane with 

Pancau-Red (6.5 mM ponceau S and 1 % acetic acid), before de-staining in 

dH2O.  Membranes were then incubated in PBS + 3 % milk powder (or 3 % 

BSA if probing for phospho-tyrosines) for one hour, all incubations were 
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carried out on a rocking platform. Primary antibodies were then added at 

concentrations as recommended by manufacturers, in PBS with or without 

0.1% Tween-20 and 0.5 % BSA, for either 2 hours at room temperature or 

overnight at 4 °C. Membranes were washed in PBS with 0.5% Tween-20 in 

between primary and secondary antibodies. Horse-raddish peroxidase (HRP)- 

linked secondary antibodies raised against the desired species were added at 

1:5000-1:2000 dilution in PBS plus 0.5 % Tween-20 for around an hour at 

room temperature. Membranes were washed again in PBS plus 0.5% Tween-

20. Proteins were detected by incubation with ECL (Equal volumes of solution 

A – 2.5 µM luminol, 1% DMSO, 0.1M Tris/HCl, pH 8.5, and solution B – 0.06 

% hydrogen peroxide, 0.1M Tris/HCl, pH 8.5, plus ‘enhancer’ 90 µM p-

coumaric acid in DMSO at 2 µL/mL of A+B) for 1 minute before being 

exposed to X-Ray film for between 30 seconds – 5 minutes, and developed. 

Membranes were probed with an anti β-actin antibody as a loading control. 

For reprobing membranes the previous antibodies were stripped in a buffer 

containing 136mM NaCl, 20mM glycine, pH 2.5. 

 

2.5: In vitro kinase assay 
 
All kinase assays were carried out at in a final volume of 25 µL, at 30°C for 90 

minutes. Reactions contained 100 mM Tris, pH 7.5, 10 mM MgCl2, 0.5 mM 

ATP, 5 nM kinase, and up to 25 µM substrate. Reagents were mixed on ice, 

minus ATP, and pre-warmed for around 5 minutes. ATP was added to start 

the reaction. The assays were stopped using an equal amount of 2X Laemmli 

buffer (final concentrations 2 % SDS, 10 % glycerol, 5 % beta-

mercaptoethanol, 0.002 % bromophenol blue, 62.5 mM Tris.HCl pH 6.8) to 

the reaction mixture. The assays were then analysed using SDS-PAGE and 

Western blotting. 

 

2.6: Cell culture 
 

Cells were cultured in Dulbecco’s modified eagle medium (DMEM) plus filter 

sterilized 1 % penicillin/steptromycin and 10 % FBS, in 25 cm culture flasks. 
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Cells were kept at 37 °C, in a humidified atmosphere of 5 % CO2 and 95 % 

air.  

 

2.7: Transfection 
 
Cells were transfected using Ecotransfect according to the manufacturers 

protocol. In summary, cells were seeded in either 24 or 6 well plates, 24 hours 

later (or when cells reached 75-80 % confluency) cells were transfected with 2 

µl Ecotransfect plus 1 µg total DNA in 100 µl DMEM for 24 well plates, or 6 µl 

Ecotransfect plus 3 µg total DNA in 200 µl DMEM for 6 wells plates. Cells 

were cultured in transfection media for 24 hours.  

 

2.8: Generating a stable, inducible APP expressing HeLa cell line 
 
APP-HeLas were produced using the Flp-In system (Invitrogen). Flp-In HeLas 

were received as a generous gift from Dani Ungar’s laboratory (University of 

York). The Flp-In HeLas contain a Flp Recombination target (FRT) site, the 

presence of which had been previously selected for using Zeomycin 

resistance. Zeomycin resistant clones are then screened to select for clones 

that contain only one FRT site per cell. The Flp-In HeLas received were co-

transfected with plasmids containing the gene of interest (GOI) 

(pcDNA5/FRT/TO-APP-FLAG) and Flp-recombinase (pOG44). Approximately 

1.5 x 105 cells were plated in 6 well plates and co-transfected using the 

Ecotransfect protocol mentioned previously, 0.5 µg of each of the plasmids 

was co-transfected using 6 µl of EcoTransfect per well. Expression of the Flp 

recombinase facilitates a recombination event between FRT sites in the 

genome and that included in the GOI plasmid. The resulting site has an SV40 

promoter; ATG initiation codon in frame with the GOI and a hygromycin 

resistance gene, as a result of this recombination event the Zeomycin 

resistance gene is interrupted. Clones that have been successfully transfected 

were then selected for using 200 µg/mL hygromycin. 24 hours after 

transfection, cells were transferred to 10 cm culture dishes to select for 

successfully transfected clone. Cells were removed from 6 well plates by 

incubating with 500 µl trypsin at 37 °C for around 3-5 minutes, trypsinised 
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cells were the dislodged and 1.5 mL of media was added. Cells were plated at 

various concentrations and cultured until colonies of hygromycin resistant 

cells formed, 200 µg/mL hygromycin containing culture medium was changed 

every 2 days until colonies formed. Individual colonies were then selected, 

firstly the medium was removed and cells were carefully washed 3X with 

sterile PBS. Colonies were isolated using autoclave sterilized wide ends of 1 

mL pipette tips attached to the plate using autoclaved silicon grease. Selected 

colonies were then incubated with 100 µL trypsin for around one minute 

before being suspended by trituration with the trypsin. Colonies were 

expanded, and APP expression was characterised using Western blotting of 

cell lysates and immunocytochemistry. A total of 5 APP-HeLa clones were 

selected, one of which showed slightly increased APP expression above the 

others and was used in all future experiments. APP-HeLas were cultured as 

with other cells, with the inclusion of 200 µg/mL hygromycin in the culture 

medium.  

 

N1-Src and C-Src HeLa cell lines were also generated, following the same 

protocol, by Philip Lewis, Evans Laboratory, University of York. Once 

transfected HeLa cells were treated with 1 µg/mL doxycycline to induce 

expression of either APP of N1-Src. Cells were treated with doxycycline for up 

to 48 hours.  

 

2.9: Cell lysis  
 
Around 1.5 x 105 cells were plated in 6 well plates. Following transfection and 

treatments, cells were first washed 3X in PBS before being lysed by scraping 

in 200 µl Laemmli buffer. Whole cell lysates were analysed by SDS-PAGE 

and Western blotting. Between 10-20 µl of cell lysates in 2X Laemmli buffer 

were loaded on the gel, along with Precision plus protein standards from Bio 

Rad. 
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2.10: Immunocytochemistry  
 

For immunocyctochemical analysis, 1.5 x 104 cells were plated on 13 mm 

coverslips in 24 well plates. Following transfections and treatments, cells were 

fixed. Cells were first washed 3X in PBS, before being fixed in 4% PFA for 20 

minutes. Cells were stained using commercially available antibodies, all 

incubations were carried out at room temperature. They were first 

permeabilised and blocked in PBS containing 0.1% Triton-X100 and 1% BSA 

for 30 minutes. Primary antibodies were applied at 1/500 concentrations in 

PBS containing 1% BSA for 2 hours. Cells were then washed 3X in PBS 

before secondary antibodies, linked to the desired fluorophore, were applied, 

again at 1:500 concentration in PBS + 1% BSA, for 1 hour in the dark. 

Following subsequent washes in PBS (3X) and distilled H2O (1X) coverslips 

were air-dried and mounted on slides using Mowiol (13 % Mowiol, 30 % 

glycerol, 0.2 M Tris, pH 8.5) plus 1µg/mL DAPI. Slides were stored at 4 °C 

prior to image analysis. 

 

2.11: Imaging and statistics  
 
Slides were imaged on confocal microscopes in the Technology Facility, 

Department of Biology, University of York. Confocal microscopes used were 

Zeiss LSM 710 on an Axio Observer.Z1 invert and Zeiss LSM 510 meta on an 

Axioplan 2M, both running ZEN software (Zeiss microscopy, Cambridge, UK). 

All image analysis was carried out using Image J software. Analysis of APP 

particles was carried out using threshold, particle analysis. The threshold of 

each image was adjusted to a point where the maximum number of individual 

APP containing particles could be counted, this was carried out for each cell 

analysed. Binary images were then analysed using the ‘Analyse particles’ 

function in imageJ. One-way ANOVAS were used to calculate statistical 

significance, where appropriate, with post-hoc Tukey test. Adjusted P values 

were also calculated; values have been adjusted to compensate for multiple 

comparisons. Chi squared analysis was used to examine the statistical 

significance of phenotyping data. Bonferroni correction was used to correct for 
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multiple comparisons. The following equation was used to calculate the 

adjusted α value; with the normal α value set at 0.05 - 

  αadjusted = α/number of comparisons 

 

 All statistics and graphs were carried out using Graphpad Prism 6.0 software. 
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3: Results 
 

3.1: Generating and characterising a stable, inducible APP expressing 
HeLa cell line 

 

Mint1 is a neuronally expressed adaptor protein that binds to and facilitates 

trafficking of APP. Previous data from the Evans laboratory has shown that 

Mint1 is N-terminally phosphorylated by the tyrosine kinase C-Src. It was also 

shown that this phosphorylation is dependent on a canonical YEEI motif in Src 

and mutation of the tyrosine residue Y202 to a phospho-resistant 

phenylalanine (Y202F) abolishes all phosphorylation (Dunning et al., 

manuscript in preparation).  In light of these observations this study aims to 

evaluate the mechanisms by which Mint1 and Src regulate APP trafficking.  

 

In order to thoroughly examine this process, a stable, inducible, APP 

expressing HeLa cell line was generated. To generate this cell line HeLa cells 

containing an FRT site, a site that is recognised by the enzyme Flp 

recombinase, were co-transfected with a plasmid encoding Flp recombinase 

and one encoding the gene of interest (GOI). The GOI is then incorporated 

into the genome at the FRT site. Importantly this system ensures only one 

copy of the GOI is inserted into each cell. Cells therefore display similar levels 

of the GOI thus improving analysis and quantification of images from the cells. 

Exploiting a stable cell line reduces the need for multiple co-transfections of 

plasmids, and ensures higher expression efficiency as each cell is derived 

from a single clone, and is continuously cultured in media containing 200 

µg/mL hygromycin to select for cells which keep the GOI incorporated. The 

inducible nature of this cell line allows the localisation and expression of APP 

to be examined as early as possible after translation. The expression of the 

gene of interest is under the control of a CMV promoter, containing 

tetracycline operon sequences allowing doxycycline inducible expression, 

which is known to give high levels of expression in mammalian cells and so 

the system will provide sufficient levels of protein to be visualized using 

biochemical techniques.  
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Figure 3.1 shows APP expression in a selected, single clone of FLAG tagged 

APP-HeLa cells. Figure 3.1A shows immunocytochemical images of cells 

cultured in the presence (bottom) or absence (top) of doxycycline. APP was 

visualized using an anti-FLAG antibody 48 hours after doxycycline induction. 

Figure 3.1B shows Western blot analysis of APP-HeLa cell lysates, probed 

with an α-FLAG antibody. Two bands representing APP at around 120 and 

130 kDa can be seen, the presence of more than one band may represent 

APP that has been differentially post-translationally modified, as seen in 

previous studies (Tomita et al. 1998; Jacobsen and Iverfeldt 2011). Figure 

3.1B also shows an increase in the amount of APP detected between 24 and 

48 hours of doxycycline treatment, for this reason 48 hours was used as a 

standard doxycycline induction period throughout the study. Importantly the 

lack of FLAG staining in cells or lysates that have not been treated with 

doxycycline, demonstrates the system doesn’t exhibit leaky expression of the 

GOI. The FLAG staining of the protein is representative of endogenous APP 

localisation, with the majority being perinuclear, as well as some in punctate 

trafficking vesicles (Seen clearer in Figure 3.2A) (von Rotz et al. 2004).  
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Figure 3.1 – Characterisation of a stable, inducible APP HeLa cell line. A) 
Representative images of APP HeLa cells with or without doxycycline treatment. 
APP (red) can be seen in doxycycline treated cells but is not present in non-
treated cells. Cells were cultured in 1 µg/mL doxycycline for 48 hours. Scale bar = 
20 µm. B) Western blot analysis of APP expression in HeLa cell lysates cultured 
in 1 µg/mL doxycycline for 24 or 48 hours. Expression is seen to increase with 
prolonged exposure to doxycycline. Lane 1 shows a positive FLAG control of 
whole cell lysates expressing FLAG-tagged C-Src. Lane 2 shows lysates in which 
APP expression has not been induced. * denotes non-specific binding of the 
antibody. 
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The Evans laboratory has previously obtained data that demonstrates the 

phosphorylation state of Mint1 disrupts APP trafficking in COS7 cells 

(Dunning et al., manuscript in preparation). The data shows APP has a 

perinuclear distribution when Mint1 is overexpressed in heterologous cells 

(Figure 1.4). In order to characterise whether the same effect is observed in 

APP-HeLa cells, the cells were transfected with CFP-fusions of mutant, wild 

type Mint1 or a CFP control plasmid; 24 hours later APP expression was 

induced by incubating cells with 1 µg/mL doxycycline for 48 hours. Figure 3.2 

shows immunocytochemical analysis of APP-HeLa cells expressing CFP-

Mint1-WT or -Y202F. APP is seen in puncta throughout the cell, most likely in 

trafficking vesicles, upon transfection of Mint1–WT the distribution of these 

punctae changes significantly. Overexpression of Mint-WT results in a 70 % 

reduction in the number of APP containing particles per cell compared to 

those over-expressing APP alone (Mean number of particles/cell 360.32 and 

1186.06 respectively, adjusted P value <0.0001). Additionally, overexpression 

of Mint1–WT resulted in a 45 % decrease in APP containing particles when 

compared to cells expressing Mint1–Y202F or an empty CFP control plasmid 

(Mean particle number/cell CFP = 727, Mint1-Y202F = 808, adjusted P values 

0.0057 and <0.0001 respectively when compared to Mint1-WT). Whilst 

transfection alone is responsible for around a 25 % reduction in APP particle 

number (Fig 3.2B) the 45 % reduction of APP particles in cells expressing 

Mint1–WT compared to phospho-resistant Mint1–Y202F suggests the change 

in APP distribution, and therefore particle number, is a result of Mint1 

phosphorylation at Y202F. 
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Figure 3.2 – Mutation of the phosphorylation site Y202 of Mint1 alters APP 
localisation. Cells were transfected with either Mint-WT or Y202F and 24 hours later 
cultured in 1 µg/mL doxycycline for 48 hours. Empty CFP plasmid is used as a 
control for the effect of transfection. A) Representative images showing altered 
localisation of induced APP (red) following overexpression of Mint1 constructs 
(green). Images show a change in the distribution and number of APP containing 
particles in the cell when Mint-WT is overexpressed, the same change is not 
observed when overexpressing the Mint1 phospho-resistant mutant Y202F. B) 
Graphs show quantification of APP containing particle number B) and size C). 
Between 15 and 20 cells were analysed for each condition from three separate 
coverslips.  *s denote statistical difference between means, data was subjected to 
one-way ANOVA with post-hoc tukey test. D) Western blot analysis of APP-HeLa 
lysates ± Mint1 constructs. The presence of Mint1 results in a higher molecular 
weight FLAG-APP band, suggesting Mint1 alters APP processing in a non-
phosphodependent manner. 
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In addition to noting the change in APP particle number the size of the APP 

containing trafficking vesicles appeared to change with Mint1 transfection (Fig 

3.2A). In an attempt to quantify this change the mean size of APP containing 

particles per cell was measured (Fig 3.2C). HeLa cells overexpressing Mint-

WT showed a 38 % increase in mean APP particle size per cell (Mean particle 

size µm2 Mint1-WT = 0.122 and APP alone = 0.0757, adjusted P value 0.032). 

However, no significant difference was observed between cells 

overexpressing Mint-WT and Mint-Y202F (Mean particle size µm2 0.0947), or 

CFP (Mean particle size µm2 0.104). Although Mint-Y202F and CFP 

transfected HeLa cells also showed no significant difference to cells 

expressing APP alone. The lack of difference in particle size between cells 

expressing Mint-WT and Mint-Y202F is due to the wide variation in particle 

sizes seen per cell. Figure 3.2C shows mean particle size for each cell 

plotted, it is clear the cells exhibit a wide range of particles sizes due to the 

different localisation of APP in the cell, for example a cell that is 

overexpressing Mint-Y202F may have many smaller APP containing particles 

than that seen in a cell overexpressing Mint-WT however the presence of a 

collection of perinuclear APP skews the mean particle size increasing it to 

around that seen in Mint-WT cells. In order to address this issue, it could be 

possible to quantify the particle size, discounting the perinuclear collection, 

perhaps by taking a z-stack image of cells and quantifying each layer to 

compare particle size in a layer of the cell that doesn’t include the perinuclear 

region. Additionally it could be possible to quantify the intensity of 

fluorescence across the cell, therefore assessing the distribution of APP in the 

cell, in a similar manner to the phenotyping seen later in this study.  

 

Previous reports, as well as observations in our laboratory, have suggested 

overexpression of Mint1 stabilises full length APP (Borg et al. 1998; Biederer 

et al. 2002). Figure 3.2D shows Western blot analysis of APP-HeLa cells that 

have been transfected with CFP-fusion Mint1 constructs. The top panel shows 

APP levels seen in the cells (visualised using an anti-FLAG antibody). This 

shows the intensity of the levels of APP detected does not significantly 

change between each condition, in contrast to previous reports. This may be 

due to the cell system used, or the inducible nature of APP production. 
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Although the levels of APP do not appear to change, the appearance of a 

higher molecular weight APP band, at around 140 kDa, is seen when APP is 

co-expressed with both wild type and phospho-resistant Mint1. As APP is 

highly post-translationally modified it is possible this heavier APP form is due 

to increased post-translational modification; such as increased glycosylation. 

Notably, and curiously this change doesn’t appear to occur in a phospho-

dependent manner. 

 

Although Mint-WT has a clear effect on APP particle number in the cell line 

(Figure 3.2B), the lack of difference in particle size between cells expressing 

Mint-WT and Mint-Y202F led me to further characterise APP distribution in the 

cell line. As the data for mean particle size exhibited a wide range of values, it 

was thought the more accurate way to quantify APP localisation and assess 

whether APP is accumulating in the perinuclear region as hypothesised, was 

to quantify the phenotype of APP localisation in the APP HeLa cells. Cells 

were catagorised into 3 phenotypes; cytoplasmic, perinuclear or cytoplasmic 

and perinuclear. Figure 3.3A shows examples of each of the three 

phenotypes. Cytoplasmic APP was characterised as being visualised in 

punctate vesicles throughout the cell, with no distinct pool in the cell. Whereas 

APP classed as perinuclear showed a large, clear accumulation of APP 

around the nucleus, with little or no APP containing particles though the 

cytoplasm of the cell. Cytoplasmic & perinuclear was classed as a 

combination of the two. Analysis revealed there was a basal level of around 

40 % of cells with an APP distribution of cytoplasmic & perinuclear (Figure 

3.3B) in cells treated expressing APP alone, APP + CFP and APP + Mint1-

Y202F. This proportion increased to 51 % in APP + Mint1-WT cells.  

However, the principal change in APP localisation following expression of the 

different Mint1 constructs was shown in the large increase in perinuclear 

localised APP. Cells expressing APP, APP + CFP or APP + Mint1-Y202F 

show little or no exclusively perinuclear APP (APP – 0 %, APP + CFP – 1.5 % 

and APP + Mint1-Y202F – 0 %). Whereas 31 % of cells overexpressing 

Mint1-WT exhibit a perinuclear phenotype for APP distribution (Figure 3.3B). 

Chi squared statistical analysis of the data, with Bonferroni correction, showed 

that the phenotypes observed in cells expressing APP and Mint1 were highly 
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significantly different to all other conditions (p value <0.0001 when compared 

to all other conditions, adjusted α value was 0.008).  

 

This observation coupled to the quantification of the number and size of APP 

containing particles per cell (Figure 3.2) suggests Mint1 recruits APP to the 

perinuclear region in a phosphorylation dependent manner.  

 

It is known that APP is trafficked through the Golgi, TGN and to the plasma 

membrane before being recycled through the endocytic pathway (Claeysen et 

al. 2012). With this in mind, it is unclear, from the data in this study thus far, at 

which stage of the APP trafficking pathway Mint1 acts. From the literature we 

know that APP interacts with the YENPTY motif in the C-terminus of APP and 

that this motif is essential for APP endocytosis (Perez et al. 1999). With this in 

mind I hypothesise the effect of Mint1 on APP trafficking seen in figures 3.2 

and 3.3 occurs after APP is trafficked to the plasma membrane. 
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Figure 3.3 – Mint-WT increases the proportion of perinuclear localised APP, in a 
phospho-dependent manner. Phenotypic analysis was carried out on APP-HeLa cells 
that had been transiently transfected with Mint1 constructs and APP expression 
induced for 48 hours. A) Representative images of the three phenotypes of APP 
localisation analysed. Scale bar represents 10 µm. B) Quantification of the 
representation of each phenotype, normalised to the percentage of cells analysed. 
Between 45-60 cells were analysed for each treatment across three separate 
coverslips. Chi squared statistical analysis was carried out, * indicate APP + MintWT 
was highly significantly different to other coditions.  
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3.2: Mint1 recruits APP to the perinuclear region after APP has been 
trafficked through the cytoplasm. 
 

Thus far this study has shown that overexpression of Mint-WT in a stable, 

APP expressing HeLa cell line, recruits APP to the perinuclear region in a 

phospho-dependent manner (Figures 3.2 and 3.3). However, it is unclear at 

which stage in the trafficking cycle APP is arrested. In order to address this, a 

time course experiment was carried out. It was first established, by Western 

blot analysis of APP-HeLa cell lysates, how early APP could be detected 

following doxycycline induction of the APP-HeLa cell line. APP-HeLa cells 

were cultured in media containing 1 µg/mL doxycycline and lysed 0, 3, 6, 12 

and 24 hours after the addition of the doxycycline. Figure 3.4A shows APP 

can begin to be detected by Western blotting between 3 and 6 hours after 

doxycycline induction. The blot also shows that the APP doublet band seen 

on previous Western blots (Figure 3.1B) is only detected after 12 hours, this 

indicates that post-translational modifications don’t occur immediately after 

APP expression.  

 

Using the same time points, I examined whether the cellular localization of 

APP changed over time when over expressing Mint1. Cells were first 

transfected with Myc-tagged Mints and APP expression induced after 24 

hours using 1 µg/mL doxycycline. Figure 3.4B shows representative images 

of APP and Mint expression in APP-HeLa cells. The images from 3, 6 and 12 

hours show a fairly even distribution and amount of APP across all conditions. 

However, at 24 hours the distribution of APP in cells over-expressing Mint-WT 

looks considerably different to that seen in APP and APP + MintY202F cells.  

The number of APP containing particles is quantified in Figure 3.4C. APP 

alone and APP + Mint-WT show particle numbers of no significant difference 

to each other (all Adjusted P values >0.999), however, at 24 hours the 

number of APP containing particles in APP alone cells is around 2 fold higher 

than the number of APP containing particles in APP + Mint-WT cells (Mean 

number of APP containing particles 281 and 142 respectively, Adjusted P 

value <0.001). Although following the same trend as the number of particles in 

APP alone cells, cells overexpressing Mint-Y202F show particle numbers 
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considerably higher at all time points, with the most significant being at 24 

hours, where the number of APP containing particles in APP + Mint-Y202F 

cells is 1.5 fold higher that the number seen in APP alone cells, and 2.8 fold 

higher than that seen in APP + Mint-WT cells (Mean number of APP 

containing particles in APP + Mint-Y202F 407) (Figure 3.4C).  
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Figure 3.4 – Mint1 recruits APP to the perinuclear region once the protein has been 
trafficked through the cytoplasm. 24 hours after transfection with Mint1 constructs in 
APP-HeLa cell lines APP expression was induced. Cells were fixed or lysed at fixed 
time points following induction. A) Representative images showing the localisation of 
APP 0, 3, 6, 12 and 24 hours after APP induction. Cells transfected with Mint-WT show 
APP is internalized after 6 hours and held, mainly in the perinuclear region, whereas 
cells expressing APP alone or Mint-Y202F show APP moving towards the perinuclear 
region before being recycled back towards the plasma membrane. B) Western blot 
analysis showing APP can be detected around 6 hours following induction. Actin is 
used as a loading control. C) Quantification of the number of APP containing particles 
per cell. The number of particles in cells expressing Mint-WT decreases significantly 
after 12 hours when compared to cells expressing Mint-Y202F or APP alone. Between 
15 and 40 cells from three separate coverslips were analysed for each condition and 
time point across three different cover slips. Error bars show the standard error of the 
mean. 
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Further quantification of the distribution of APP over time was carried out 

using phenotypic analysis as previously described for Figure 3.3. Figure 3.5A 

shows representative images for each phenotype. There was no statistical 

difference in APP localisation between conditions at 3, 6 and 12 hours (All P 

values >0.1, α value=0.0166). Under all conditions APP was mainly 

characterized as being cytoplasmic at 3 hours, whereas at 6 hours APP 

localisation is evenly divided between cytoplasmic and cytoplasmic & 

perinuclear. However, after 12 hours APP distribution in cells expressing 

Mint1-WT becomes increasingly perinuclear, whereas in those expressing 

Mint1-Y202F and APP alone the distribution of APP returns to being mostly 

cytoplasmic. 24 hours after APP induction, cells expressing Mint1-Y202F and 

APP alone show phenotypes similar to the distribution of APP at 3 hours, with 

90 % and 78 % of APP respectively being cytoplasmic (Figure 3.5B). In 

contrast to this, 26 % of cells expressing Mint1-WT are characterised as 

having a perinuclear phenotype with respect to APP distribution (At 24 hours 

P=<0.0001 when APP + MintWT was compared with other conditions). Data 

from figures 3.4 and 3.5 indicate that the phosphorylation state of Mint1 

affects APP localisation after internalisation of the protein.  

  



	   55	  

  

Figure 3.5 – The phosphorylation state of Mint1 alters the subcellular 
distribution of APP after 12 hours. APP expression was induced in HeLa cells 
transiently expressing Mint1 constructs, cells were fixed at intervals and APP 
distribution scored according to three phenotypes. A) Representative images 
of phenotypes. B) Quantification of the proportion of cells for each of the three 
phenotypes characterised. The phenotypes are similarly represented up to 6 
hours for each treatment. However, after 6 hours post-APP induction, the 
proportion of perinuclear and cytoplasmic & perinuclear APP rises in cells 
overexpressing Mint1-WT, whereas the proportion of cells with cytoplasmic 
APP increases in cells with no Mint1 or Mint1-Y202F. Between 30 and 60 cells 
were analysed for each condition from three separate coverslips. Pair wise chi 
squared statistical analysis, with Bonferroni correction, was carried out for 
each condition. 
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All images were collected and figures compiled using the same magnification 

and objective. Figure 3.4A shows cells expressing APP alone appear to be 

larger than those expressing Mint1. Initially it was thought this size difference 

observed between cells not expressing Mints and those which do was a 

significant effect brought on by Mint1. However, from analysing the area of 

cells that had been transfected with Mint1-WT, Mint1-Y202 or CFP before 

APP expression was induced, no significant difference was observed (data 

not shown). The apparent size difference seen between APP alone cells and 

those expressing Mint1 was therefore attributed to the effect of transfection 

alone as APP only cells have not been transfected, this observation highlights 

the need for an empty plasmid control. 

 

3.3: N1-Src phosphorylates N-terminal regions of Mint1  
 

Previous data from the laboratory has shown that Mint1 is phosphorylated by 

C-Src (Figure 1.4). Mint1 is a neuronal specific protein, and pathogenic 

processing of APP only occurs in neurons, therefore the neuronal splice 

variant N1-Src was examined for it’s ability to phosphorylate Mint1 in order to 

establish whether the neuronal kinase is more likely to be the neuronal Mint1 

kinase isoform. Figure 3.6 shows a Western blot an in vitro kinase assay 

comparing the phosphorylation of varying concentrations of the Mint1 N-

terminal peptide with both N1- and C-Src. Also shown, is the sequence 

structure of the phospho-box region of Mint1 used in kinase assays (Figure 

3.6A). Highlighted are the three tyrosine residues that can be phosphorylated 

processively. Evidence from the lab shows that phosphorylation is dependent 

on the canonical YEEI SH2 binding motif. From initial experiments, using the 

Mint1 1-314, it was assumed there was an additional PXXP motif (a known 

SH3 binding motif) in the N terminal of Mint1. However, the fact that the short 

phospho-box peptide, which contains no PXXP motif, shows a similar 

discrepancy between C- and N1-Src phosphorylation suggests there are 

additional factors in the preferential binding by N1-Src. In order to draw firm 

conclusions from the assay the experiment would need to be repeated 

numerous times in order to establish the kinetics of the reaction. It is also 
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notable that clear loading controls to demonstrate the equal concentrations of 

Src kinases would be needed in future experiments. 

 

  

Figure 3.6 – N1-Src phosphorylates Mint1 N-terminal regions. A) The 
‘phospho-box’ region of Mint1, amino acids 183-208. Underlined are the 
three tyrosine residues on which Mint1 is phosphorylated. These residues 
are processively phosphorylated in the order indicated by the arrows. B) In 
vitro kinase assays of Mint1 N-terminus (1-341, top panel) and phospho-box 
(183-208, bottom panel).  Varying concentrations of Mint1 N-terminal 
regions were incubated with C- or N1-Src in the presence of ATP for 90 
minutes. Phosphorylation of the peptides was visualised using an anti-
phospho tyrosine (PY20) antibody. Kinase concentrations were all at 5 nM. 
Smeared bands seen with high concentrations of N1-Src are likely due to 
photo bleaching from high signal. Figure is missing positive controls. 
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3.4: N1-Src increases the accumulation of perinuclear APP when in the 
presence of Mint1, independent of tyrosine phosphorylation at Y202. 
 
In vitro data (Figure 3.6) suggests N1-Src may have a higher affinity for Mint1 

than C-Src. I therefore went on to examine the effect of overexpression of N1-

Src on the process of Mint1 mediated APP trafficking. I hypothesised the 

overexpression of N1-Src in cells expressing APP and Mint1-WT will increase 

the interference of APP trafficking seen in figures 3.2-5. To test this I utilized a 

stable, inducible Flp-In N1-Src-HeLa cell line, which had been produced in the 

laboratory by Phillip Lewis. N1-HeLas were transfected with YFP-fusions of 

APP plus CFP-fusions of Mint1 proteins and N1-Src expression induced, 

where required, 24 hours later. After 48 hours of N1-Src induction cells were 

fixed and imaged.  

 

Figure 3.7A shows illustrative images of N1-HeLa cells. The effect of N1-Src 

on APP localisation has been quantified in Figure 3.7B. The number of APP 

particles was analysed for each condition, from the quantification of the 

number of APP containing particles its appears that when APP and Mint1 are 

expressed along with N1-Src the accumulation of APP in the perinuclear 

region increases when compared to APP and Mint1 alone. In cells lacking N1-

Src expression, Mint1-WT expressing cells had 47 % fewer APP containing 

particles than those expressing Mint1-Y202F (Mean particle number/cell 229 

and 430 respectively, Adjusted P value 0.0266). Similarly, in cells expressing 

N1-Src, Mint1-WT cells exhibited 56 % fewer APP vesicles than Mint1-Y202F 

cells (Mean particle number/cell 113 and 263 respectively, Adjusted P value 

0.0044)  (Figure 3.7B). This demonstrates that inhibiting Mint1-Y202 

phosphorylation has the same effect in cells over-expressing N1-Src as seen 

previously in APP-HeLa cells. Importantly however, cells expressing Mint1-

WT + N1-Src had 50 % fewer APP containing particles than cells expressing 

Mint1-WT without N1-Src (Adjusted P value 0.0251). On a similar note, Mint1-

Y202F + N1-Src expressing cells had 40 % less APP containing particles than 

cells expressing Mint1-Y202F with no N1-Src (229 and 430 respectively, this 

difference was found to be not significant) (Figure 3.7B). Importantly, this 

effect is not seen to be dependent on phosphorylation at Y202. The 
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expression of N1-Src is seen to cause a similar decrease in cells expressing 

both Mint1-WT and the phospho-resistant mutant Mint1-Y202F. This suggests 

an additional level of regulation of APP trafficking and processing.  
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Figure 3.7 – N1-Src increases the accumulation of perinuclear APP when 
in the presence of Mint1, in a Y202 phospho-independent manner. N1-
Src-HeLa cells were co-transfected with APP ± Mint1 constructs, prior to 
N1-Src induction for 48 hours. A) Representative images showing YFP-
APP (yellow), CFP-Mint1 (blue) and FLAG-N1-Src (red) expression and 
localisation in HeLa cells. B) Quantification of APP particle number in N1-
Src-HeLa cells. 12 – 26 cells from three different coverslips were analysed 
for each condition. Statistical significance was calculated using one-way 
ANOVA with a post-hoc Tukey test, stars denote statistically significant 
means. Scale bar= 10µm 
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3.5: Mint1 recruits N1-Src to the perinuclear region, in a Y202 phospho-
independent manner in HeLa cells  
 
Data from figure 3.7 suggests Mint1 and N1-Src work to recruit APP to the 

perinuclear region through a mechanism independent of Mint1 

phosphorylation at Y202. In order to further study this mechanism, the cellular 

localisation of N1-Src in the HeLa cells was examined. Srcs are membrane-

associated kinases usually expressed throughout the cell and have seen to be 

associated with endosomes and the TGN (Kaplan et al. 1992). Phenotypic 

analysis was carried out in order to quantify the change in N1-Src localisation 

(Figure 3.8). It was found around half of N1-Src under all conditions is 

distributed in both the perinuclear region and the cytoplasm. However co-

expression of N1-Src and APP with either Mint1-WT or Mint1-Y202F 

significantly increases the proportion of cell in which N1-Src is localised 

specifically perinuclearly to 42 % and 35 % respectively compared to 5.3 % in 

cells lacking Mint1 (Figure 3.8B). Notably, this effect does not appear to be 

dependent on APP or Y202 phosphorylation. Cells expressing N1-Src and 

either of the Mint1 constructs, but not APP, also showed that N1-Src was 

localised to the perinuclear region in 25 % of cells (Figure 3.8B). Statistical 

analysis of the data, using chi squared tests with Bonferroni correction, shows 

that N1-Src localisation differs greatly between N1 alone or N1 + APP cells 

and those expressing N1-Src, APP and Mint1-WT or -Y202F (P=<0.0001 for 

each pairwise comparison, adjusted α= 0.0033). Similarly, cells expressing 

N1-Src ± APP show significant difference to those expressing N1-Src + Mint1-

WT or –Y202F (P=0.003 and 0.002 respectively) but to a lesser extent. 

Although the change in N1-Src localisation is not as pronounced in cells 

expressing Mint1 in the absence of APP, there is still a noticable increase in 

the proportion of perinuclear N1-Src. 
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Figure 3.8 – Mint1 recruits N1-Src to the perinuclear region in a Y202 
phospho-independent manner. N1-HeLa cells we co-transfected with CFP-
Mint1 and YFP-APP constructs before N1-Src expression was induced. Cells 
were fixed and stained after 48 h of N1-Src induction. A) Representative 
images of N1-HeLa cells expressing combinations of Mint1, APP and N1-Src. 
Images show examples of each of the three phenotypes of N1-Src 
localisation; cytoplasmic (top), cytoplasmic and perinuclear (middle) and 
perinuclear (bottom). Scale bars= 10 µm B) Quantification of the change in 
N1-Src phenotypes observed. Data showed as the % of cells analysed 
displaying each phenotype. Between 25-50 cells were analysed for each 
condition from three different coverslips. 
	  

N1-Src localisation 
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3.6: Co-expression of Mint1 and N1-Src stabilises APP and leads to a 
change in YFP-APP fragment size 
 
Following the observations that N1-Src increases accumulation of APP in the 

perinucler region, and that Mint1 recruit N1-Src to the perinuclear region in an 

N1-HeLa cell line, I then investigated the effect of overexpression of Src on 

APP expression levels in the cell line. A C-Src HeLa cell line was also 

available in the laboratory (also prepared by Philip Lewis) and so I compared 

expression levels of APP, Mint1 and Src in both N1- and C-Src HeLa cell lines 

(Figure 3.9). Src-HeLa cell lines were transfected with YFP-APP and myc-

Mint1 constructs, before Src expression was induced by incubation with 1 

µg/mL doxycycline for 48 hours. Analysis by Western blot shows APP levels 

increase with the co-expression of N1-Src and Mint1, irrespective of Mint1 

phosphorylation state. Cells co-expressing Mint1-Wt or Mint1-Y202F and N1-

Src showed a significant increase in YFP-APP signal at between 110-150 

kDa. The presence of the heavier APP band at 140 kDa seen in cells co-

expressing N1-Src and Mint1 isn’t present in samples not expressing the 

kinase (Figure 3.9A). This suggests the presence of N1-Src may result in 

increased post-translational modifications of APP. The increase of APP 

expression seen in N1 expressing cells is not observed in those co-

expressing C-Src and Mint1. Co-expression of Mint1 and APP in C-Src HeLas 

results in the presence of an YFP-APP band just above the original at 130 

kDa. This suggests that expression of Mint1 increases some posttranslational 

modification of APP, and co-expression of Mint1 (Figure 2.9B), APP and N1-

Src further increases this causing the protein to run at 140 kDa. In addition to 

affecting full length APP, the expression of Mint1 and N1-Src also causes a 

change in molecular weight of lower mass YFP-APP fragments from 30 kDa 

to 25 kDa (Figure 2.9A, second panel). This shift is not observed when APP + 

Mint1 are expressed in the presence of C-Src (Figure 2.9B, second panel). 

Curiously, although the effect seen differs between the ubiquitous C-Src and 

neuronal N1-Src the effect does not appear to be Y202 phosphorylation 

dependent as overexpression of both Mint1-WT and Mint1-Y202F alter APP 

expression levels and size of APP fragments detected in the presence of N1-

Src. These observations, coupled with previous the previous observations of 
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N1-Src and APP localisation (Figures 2.7 and 2.8) suggest the accumulation 

of APP and N1-Src, most likely in the TGN, causes a change in APP 

modification, stabilisation and processing. 
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Figure 3.9 – N1-Src stabilises full length APP and results in a change in the 
mass of YFP-APP fragments detected. N1- or C-Src HeLa cell lines were 
transfected with Myc-Mint1, YFP-APP and Src kinase expression induced for 48 
hours before lysing. Samples were analysed by Western blotting and probed with 
α-Myc (Mint1), α-GFP (YFP-APP +CFP-control), α-FLAG (Src) and α-actin. A) 
Western blot analysis of N1-HeLa cell lysates. YFP-APP (top panel) levels are 
seen to increase when Mint1 and N1-Src are co-expressed (lanes 11-14). A lower 
molecular weight YFP-APP fragment is also seen when co-expressed with Mint1 
and N1-Src. This fragment is most-likely the C-terminal end of APP fused with the 
YFP fluorophore (Second panel lanes 7-14). B) C-Src HeLa cells were transfected 
with Mint1 and APP as above. Unlike when co-expressed with N1-Src and Mint1 
YFP-APP levels are not seen to increase. The presence of the APP doublet seen 
in previous experiments was detected with co-expression of Mint1 and APP, 
however the intensity of the YFP-APP band does not change upon expression of 
C-Src. Similarly, no change is seen in the molecular weight of smaller YFP-APP 
fragments. All conditions are shown in duplicate. Actin was used as a loading 
control, whilst CFP was used as a transfection control replacing CFP-fusion Mint1 
constructs (represented by second panel in A and B lanes 5 and 6). 
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4: Discussion  
 

It is well documented that the neuronal adaptor protein Mint1 binds to and 

alters the trafficking and processing of APP (Borg et al. 1998; King et al. 2003; 

Miller et al. 2006). Although the mechanisms behind this regulation were 

previously unclear, recent studies have highlighted a number of regulatory 

mechanisms in both the C- and N- terminal ends of Mints 1 and 2 (Chaufty et 

al. 2012; Matos et al. 2012; Xie et al. 2012). In addition, recent observations in 

the laboratory have identified a further regulatory mechanism in the Mint1 N-

terminus via Src mediated tyrosine phosphorylation (Dunning et al., 

manuscript in preparation). In this study I further examined the regulation of 

APP trafficking by Mint1 and N1-Src. I have shown that abolition of Mint1 

phosphorylation by Src at Y202 disrupts the APP trafficking cycle, most likely 

after internalisation, in a stable, inducible APP-HeLa cell model (Figures 3.1-

3.5). In addition to this it has been observed that APP and N1-Src are 

recruited to the perinuclear regions of cells in the presence of Mint1 in an 

apparent phospho-independent mechanism suggesting that N1-Src is the 

preferential isoform of the kinase rather than c-Src (Figures 3.6-3.9).  

 

4.1: Src phosphorylation of Mint1-Y202 regulates APP trafficking, most 
likely after internalistation 
 
By utilizing a stable, inducible APP expressing HeLa cell line I examined the 

effect of overexpressing both Mint1-WT and the phospho-resistant mutant 

Mint1-Y202F. It was seen that after 48 hours of Mint1 and APP expression, a 

large proportion of APP was recruited to the perinuclear region. However, 

when overexpressing Mint1-Y202F the majority of APP was seen to be 

cytoplasmic (Figures 3.2 and 3.3). As specific cellular localisation markers 

weren’t used in this study I cannot categorically identify the compartments in 

which APP is localised. From studying the literature it has been shown that 

APP and Mint colocalise in the TGN (Borg et al. 1996; Sastre et al. 1998; 

Biederer et al. 2002) I therefore hypothesize that the accumulation of APP 

observed in this study would also show APP mainly localizing to the TGN 
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when in the presence of Mint1-WT. However, it would be interesting and 

informative to examine whether this is the case and also to monitor APP 

localisation in endosomes, and more importantly which endosomes using 

specific subcellular markers.  

 

In addition to this time course experiments, exploiting the inducible nature of 

the Flp-In HeLa cell system, demonstrated that mutation of Y202 disrupted 

APP trafficking between 6 and 12 hours after doxycycline induction of the 

protein (Figures 3.4 and 3.5). These results suggest that the phosphorylation 

of Mint1 at tyrosine residues 202, 191 and 187 by Src kinase is an important 

regulatory step in APP trafficking, and therefore processing. This regulatory 

mechanism is similar to that seen to regulate the Mint2-APP interaction in a 

study by Chaufty et al. Whilst this study also observed an increase in APP 

internalisation with Mint2 phosphorylation they observed very different 

subcellular localisation of the proteins involved.  

 

It was also recently found that Mint proteins may play a role in the insertion of 

APP into the plasma membrane (Chaufty et al. 2012). This study showed that 

Mint knock-out neurons showed a significant decrease in the amount of APP 

which had been newly inserted into the membrane. Data from time course 

experiments in this study has shown that the APP trafficking cycle is disrupted 

following internalisation of APP (Figure 3.4). APP in cells overexpressing the 

Mint1-WT is seen to remain localised to the perinuclear region whereas over-

expression of Mint1-Y202F allows APP to be trafficked back to the plasma 

membrane. It is possible that phosphorylation of Mint1 at these residues 

either increases endocytosis of APP or may decrease the reinsertion of APP 

into the membrane following endocytosis. Data from this and previous studies 

suggest it may regulate both processes.  Previous studies carried out in the 

lab found that Mint1-WT causes APP to stabilise in COS7 cells, although this 

result is not seen in HeLa cells in this study unless also expressed in the 

presence of N1-Src, this may be due to increased endocytosis and decreased 

insertion of APP into the membrane causing it to accumulate in the cell.  
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4.2: The phosphorylation state of Mint1-Y202 alters APP and N1-Src 
localisation. 
 

Here I have shown that APP accumulates in the perinuclear region when 

Mint1-WT is expressed and this phenotype isn’t seen in cells expressing 

Mint1-Y202F. Chaufty et al. report that both APP and Mint2 localise 

predominantly in autophagic vesicles when phosphorylated whereas 

expression of phospho-resistant Mint2 results in APP and Mint2 localising to 

the perinuclear region (Chaufty et al. 2012). Interestingly, in many studies 

examining the effect of Mint proteins on APP processing and trafficking, the 

two isoforms are used interchangeably and previous differences in results 

have been attributed to varying expression levels (Ho et al. 2008). Although 

the proteins appear to have the same affect on the overall levels of APP and 

processing of APP, comparisons between this study and the one carried out 

by Chaufty et al. suggest that while the end products may not differ, the 

mechanisms by which Mint1 and 2 regulate APP and the trafficking pathways 

involved differ significantly. This suggests the two proteins have distinct roles 

in regulating trafficking of the protein and moreover that these roles are 

regulated by the N-terminus, as this is the region in which the proteins differ 

(Rogelj 2006). 

 

In addition to the change in APP localisation observed in this study, a change 

in N1-Src localisation was observed when the kinase was co-expressed with 

Mint1. Curiously, the accumulation of N1-Src in the perinuclear region 

appears to be phospho-independent (Figure 3.8). Previous work had been 

carried out in the laboratory to assess whether this effect was seen with C-Src 

with no success (data not shown). These observations, coupled with the in 

vitro kinase assay and HeLa cell lysate data from this study (Figures 3.6 and 

3.7), strongly suggest that N1-Src is the preferential Src kinase isoform for 

Mint1 phosphorylation at this site and that the kinase has specific effects on 

APP trafficking and processing. There have been numerous theories as to 

why Aβ plaques only form in the brain and not in other tissues as APP is 

expressed ubiquitously (Gotz et al. 2011). One of the factors thought to 
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influence this is the specialised trafficking pathway APP goes through in 

neuronal cells. The observations shown in this study indicate that the 

specificity of neuronal isoforms of proteins, Mint1 and N1-Src, add to neuron 

specific regulatory pathways and might explain why APP is only pathologically 

processed in the brain. 

 

4.3: The potential affect of Mint1 phosphorylation on Aβ accumulation 

 

Previous studies have shown that the majority of Aβ-40 is produced at the 

plasma membrane (Skovronsky et al. 2012), with an increase in APP 

internalisation correlating with an increase in toxic Aβ-42 production 

(Claeysen et al. 2012). It is therefore possible to hypothesize that disruption of 

Mint1-Y202 phosphorylation by Src would also correlate with a decrease in 

Aβ-42 production, this effect would need to be assessed in further studies. 

However, it would also be important to quantify the amount of APP in the 

cells. The distribution of APP in cells overexpressing Mint1-Y202F is mainly 

cytoplasmic so it is possible that it is present in endosomal vesicles that have 

been described as the compartment where the majority of Aβ-42 cleavage 

occurs (Ferreira et al. 1993; Vassar et al. 1999). On the other hand 

overexpression of Mint1-WT, which can be phosphorylated, results in the 

accumulation of APP in the perinuclear region. Previous studies, using both 

cell and animal models, have suggested that intracellular Aβ accumulation is 

more cytotoxic than extracellular plaque deposits (Koistinaho et al. 2001; Yu 

et al. 2004; LaFerla et al. 2007). Therefore the accumulation of APP in the 

perinuclear regions may result in a build up of highly toxic intracellular Aβ. For 

this reason a potential treatment for AD may be to disrupt the Mint1-APP 

interaction by targeting Y202 phosphorylation and therefore allowing normal 

trafficking of APP from the cell. This coupled with previous conflicting 

evidence as to what specific effect Mint1 has on APP suggests that levels of 

Mint1 must be precise and any alterations in expression levels can affect APP 

processing. 
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4.4: The Mint1-N1-Src-APP interaction may alter C-terminal APP 
processing 
 

Whilst it is known that APP is cleaved by α-, β- and γ- secretases, and these 

cleavage events and products have been widely studied, other APP cleaving 

sites have been identified. Lu and colleagues identified a short C-terminal 

peptide fragment of APP, named C31 (Lu et al. 2000). They found this 

fragment was produced as a result of caspases or a caspase-like protease at 

aspartic acid residue 664 (D664), and that the presence of this fragment has 

cytotoxic effects. Figure 3.9 shows the effect of APP levels and processing in 

cells overexpressing N1- or C-Src kinases. In cells co-expressing N1-Src, 

Mint1 and APP a change in the mass of the C-terminal YFP-tagged peptide is 

seen. The mass of the peptide changes from around 28 kDa to 25 kDa. It is 

possible this change is due to a shift in APP cleavage from the expected γ-

secretase cleavage site, which would result in a YFP-C57 peptide having a 

mass of around 28 kDa, to the potential caspase cleavage site producing the 

shorter YFP-C31 fragment having a mass of around 25 kDa. Figure 4.1 shows 

a schematic of the two C-terminal products and their masses. The 3 kDa 

difference between the two peptides is representative of the shift seen in 

Figure 3.9, thus making it feasible that the presence of N1-Src and Mint1 

results in significant changes in APP processing.  
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One study noted that production of the C31 fragment curiously appeared to 

rely on the presence of full length APP. They proposed that dimerisation of full 

length APP triggered this alternative cleaving mechanism, resulting in 

cytotoxic C31 production (Park et al. 2009). Taking these studies in to 

consideration, one possible explanation for the shift in C-terminal APP 

processing is that the presence of N1-Src and Mint1 causes APP to dimerise, 

thus stabilising the protein and explaining the increased levels of full length 

APP seen in the N1-HeLas but not in the APP-HeLas and, in turn, causing a 

change in the C-terminal cleavage site. Significantly, neither the increase in 

full length APP or the shift in C-terminal APP fragment size is seen in C-Src 

HeLa cells, further implying that N1-Src plays a more important role in APP 

trafficking and processing.  

 

Notably this effect does not appear to be dependent on Y202 phosphorylation 

as it is seen in cells expressing both Mint1-WT and Mint1-Y202F. Whilst this 

observation indicates that the change observed does not rely on 

phosphorylation of Mint1 at Y202, it is possible that N1-Src kinase 

Figure 4.1 – Diagram showing the alternative cleavage sites and products of the APP C-
terminus. APP can be cleaved either at threonine 638 by γ-secretase to produce the longer 
C57 fragment. Alternatively caspase can cleave APP at aspartic acid residue 664 to 
produce the shorter C31 fragment. The presence of these differential cleavage sites may 
explain the change in mass of YFP-tagged C-terminal APP seen in Fig 3.9 upon 
cotransfection of APP with Mint1 and N1-Src.  
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phosphorylates Mint1 or APP at a different location in the protein and that this 

site of phosphorylation is specific to N1-Src, most likely as a result of the 

amino acid inset in the SH3 domain. As multiple phosphorylation sites on both 

APP and Mint1 have been identified (Borg et al. 1996; Chang et al. 2006; 

Sakuma et al. 2009; Chaufty et al. 2012), it is reasonable to suspect that N1-

Src may phosphorylate a number of residues on either protein. This again 

complicates the mechanisms by which APP trafficking and processing is 

regulated by adding yet another layer of transient post-translational 

modification in order to influence the fate of the protein. Importantly the 

change in APP cleavage products is only seen in cells co-expressing N1-Src, 

APP and Mint1 and is not seen in those cells expressing only N1-Src and 

APP. This suggests that the three proteins are interacting, possibly forming a 

complex to regulate APP processing and that the effects seen in figure 3.9 are 

both Mint1 and N1-Src dependent. 

 

4.5: Regulation of APP adaptor proteins by tyrosine phosphorylation 

 

Despite the volume of studies which have been carried out investigating how 

neuronal PTB adaptor proteins regulate APP, and notable recent advances in 

our understanding of these mechanisms, the overall picture of how the 

proteins regulate APP trafficking and processing and specifically how they 

work together to do this is generally unknown. However, it is apparent that 

phosphorylation is an important process in this regulation. Not only can APP 

be phosphorylated on multiple residues, so can the adaptor proteins. Mint1, 

for example, can be both N- and C-terminally phosphorylated (Sakuma et al. 

2009; Chaufty et al. 2012; Matos et al. 2012). In addition to this it has been 

shown that the other PTB adaptor proteins can be regulated by tyrosine 

phosphorylation; Fe65 by Abl (Perkinton et al. 2004; Vazquez et al. 2009), 

Dab1 by Src and Fyn (Hoe et al. 2008; Minami et al. 2011) and JIP1 by JNK 

(Nihalani et al. 2007). As the proteins all bind to the same YENPTY motif of 

APP to regulate trafficking and processing of the protein, understanding the 

mechanisms behind regulating which adaptor protein binding is favoured 

under certain conditions may be a key step in understanding the triggers 

behind the development of AD. A study by Tamayev and colleagues in 2009 
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sought to investigate the role of phosphorylation in regulating the proteins that 

interact with APP (Tamayev et al. 2009). They investigated the effect of 

phosphorylating Y682, in general the study found that phosphorylation of this 

residue increased binding of SH2 domain containing proteins, but had no real 

effect on proteins containing a PTB binding domain. The observation that 

these PTB domain adaptor proteins bind to APP in a phospho-APP 

independent manner highlights the importance of third party regulation, likely 

by tyrosine phosphorylation, on regulating their interaction with APP. With this 

in mind it is likely that the adaptor proteins compete for binding with APP, with 

tyrosine phosphorylation, potentially along with other interactions, regulating 

which adaptor is bound.  

 

4.6: Conclusions and future work 
 
Earlier investigations into the effects of Mint proteins on APP in mice models 

have been largely conflicting. Studies investigating the effect of Mint 

knockdowns (Sano et al. 2006; Saito et al. 2008) and overexpression (Borg et 

al. 1998; Mueller et al. 2000; King et al. 2003; Parisiadou and Efthimiopoulos 

2007) studies have reported both increases and decreases in Aβ production. 

The conflicts in these studies may be attributable to the different mice strains 

used, extent of knockdown or methods of overexpression and knockdown. It 

is likely that it is necessary to have the right levels of Mint proteins in order for 

them to correctly regulate their interaction with APP. It is important to 

remember there is a whole catalogue of proteins with which APP interacts, 

and specifically with the YENPTY motif (Tamayev et al. 2009) suggesting the 

protein has many functions and that disrupting it’s interaction with one may 

affect the interaction of the protein with the others. It is therefore important to 

take data from both In vitro, cell and whole organism studies when attempting 

to elucidate the complex mechanisms of regulation involved.  

 

Despite the conflicting results it is apparent that Mint proteins do play a 

significant role in regulating APP trafficking and processing. Evidence of 

altered Aβ accumulation in mice models suggests that the Mint1-APP could 
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be an important therapeutic target for treating AD. Whilst it is feasible that 

knockdown of Mint expression would reduce Aβ levels evidence from this 

study suggests that by targeting the Mint1-APP interaction specifically by 

disrupting Mint1 Y202 phosphorylation may be a more specific target 

therefore having fewer side effects on other Mint1 functions. Previous 

experiments in the laboratory have suggested that the effects of mutating 

Y202 is specific to the Mint1-APP interaction as trafficking of the NR2B 

subunit of the NMDA receptor, another Mint1 interacting protein (Setou et al. 

2000), was not disrupted (Dunning et al., manuscript in preparation). This 

could potentially be done via small molecule inhibitors or gene therapies.  

 

All together, the number of mechanisms by which the Mint-APP interaction is 

regulated, and the fact that they are regulated by phosphorylation (a 

reversible process) suggests that, under physiological conditions, these 

regulatory mechanisms are transient and highly spatially and temporally 

regulated. The complexity produced my numerous regulatory systems, 

coupled with the difficulty of working with neuronal cells and the use of 

heterologous cell systems, may go some way to explain the contradictory 

results seen from previous studies looking at the Mint-APP interaction. Future 

studies should incorporate the findings of this and other studies together to 

elucidate the precise mechanisms behind the regulation of the Mint-APP 

interaction and to assess how the various forms of regulation work together in 

order to find potential treatment targets for the prevention of Aβ plaque 

accumulation in the brains of patients with AD. 

 

This study has shed some light on the possible mechanisms behind the 

regulation of the Mint1 APP interaction. However, much future work would 

need to be done to fully elucidate the importance of Mint1-Y202 

phosphorylation by Src. Initially it would be important to identify the cellular 

compartments in which APP is located when coexpressed with either Mint1-

WT and Mint1-Y202F. Detailed knowledge of the cellular compartments in 

which APP and Mint1 are located would help to understand the effect on APP 

processing as the different APP cleaving enzymes are known to localise in 
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different compartments within the cell. Another key feature would be to assess 

the effect of Y202 phosphorylation on the production of both intra- and 

extracellular Aβ. This could be done using enzyme-linked immunosorbent 

assays (ELISA) as used in a number of previous studies (King et al. 2003; 

Sano et al. 2006; Ho et al. 2008). The effect of both N1-Src and Mint1 on APP 

trafficking would also need to be further assessed. Further co-localisation and 

Src knock out and recovery experiments would confirm whether the effects on 

N1-Src and APP trafficking seen in this study (Figures 3.6-3.9) were specific 

to these interactions. Given that the effects seen in N1-Src HeLa cells do not 

appear to be dependent on the phosphorylation of Y202 it would also be 

informative to screen the protein for further Src phosphorylation sites, most 

likely in the N-terminus of the protein. A number of further In vitro kinase and 

binding assays would allow the kinetics of N1- and C-Src phosphorylation of 

Mint1 to be elucidated as well as assessing whether the three proteins act to 

form a complex and in what ratio this may occur. As data from figure 3.9 

suggests that the presence of N1-Src may alter C-terminal cleavage of APP in 

the presence of Mint1 it may be that N1-Src causes a change in the complex 

formed leading to possible dimerisation of APP resulting in a switch from γ-

secretase cleavage to caspase cleavage of the protein. 

 

Finally, it would be important to validate the results seen in the HeLa cell lines 

by assessing whether the same effects are seen in neuronal cell lines. As AD 

is a neuronal disease these experiments are critical before firm conclusions 

can be made about the potential of the Mint1-APP interaction as a target for 

AD treatment. 
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Definitions and abbreviations 
 

°C   Degrees Celsius 

α   alpha 

Aβ   Amyloid beta peptide 

AD   Alzheimer’s disease 

APP   Amyloid precursor protein 

APS    Amonium persulphate 

ATP   Adenosine 5’-triphosphate 

β   beta 

BSA   Bovine serum albumin 

C-terminal  Carboxy terminal 

CFP   Cerulium fluorescent protein 

CMV promoter Cytomegalovirus promoter 

DMEM  Dulbecco’s modified Eagle’s medium 

DMSO  Dimethyl sulphoxide 

DNA   Deoxyribonucleic acid 

E. coli   Escherichia coli 

ECL   Enhanced chemiluminescence 

ELISA   Enzyme-linked immunosorbent assay 

FBS   Fetal bovine serum 

γ   gama 

g   Gram 

GFP   Green fluorescent protein 

GST   Glutathione S transferase 

HCl   Hydrochloric acid 

HEPES  2-[4-(2-Hydroxyethyl)-1-piperazine] ethanesulphonic acid 

HRP   Horseradish peroxidase 

IgG   Immunoglobulin G 

IPTG   Isopropyl-β-D-thiogalactopyranoside 

k   kilo (prefix) 

L   Litre 
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µ   micro 

m   milli (prefix) 

M   molar 

Mint   Munc18 interacting protein 

NMDA   N-methyl-D-aspartate 

N-terminal  Amino terminal 

OD   Optical density 

PBS   Phosphate buffered saline 

PMSF   Phenylmethylsulfonyl fluoride 

RNA   Ribonucleic acid 

rpm   Rotations per minute 

SH   Src homology domain 

TEMED  N, N, N’, N’-tetramethylenediamine 

Tris   2-amino-2-(hydroxymethyl)-1,3-propanediol 

Tween-20  Polyoxyethylene sorbitan monolaurate 

YFP   Yellow fluorescent protein 

  



	   78	  

References   
 

Ando, K., K. I. Iijima, J. I. Elliott, Y. Kirino and T. Suzuki (2001) 
Phosphorylation-dependent regulation of the interaction of amyloid 
precursor protein with Fe65 affects the production of beta-amyloid. J 
Biol Chem. 276, 40353-61. 

Araki, Y., N. Miyagi, N. Kato, T. Yoshida, S. Wada, M. Nishimura, H. Komano, 
T. Yamamoto, B. De Strooper, K. Yamamoto and T. Suzuki (2004) 
Coordinated metabolism of Alcadein and amyloid beta-protein 
precursor regulates FE65-dependent gene transactivation. J Biol 
Chem. 279, 24343-54. 

Araki, Y., S. Tomita, H. Yamaguchi, N. Miyagi, A. Sumioka, Y. Kirino and T. 
Suzuki (2003) Novel cadherin-related membrane proteins, Alcadeins, 
enhance the X11-like protein-mediated stabilization of amyloid beta-
protein precursor metabolism. J Biol Chem. 278, 49448-58. 

Asai, M., C. Hattori, B. Szabo, N. Sasagawa, K. Maruyama, S. Tanuma and 
S. Ishiura (2003) Putative function of ADAM9, ADAM10, and ADAM17 
as APP alpha-secretase. Biochem Biophys Res Commun. 301, 231-5. 

Back, S., P. Haas, J. A. Tschape, T. Gruebl, J. Kirsch, U. Muller, K. 
Beyreuther and S. Kins (2007) beta-amyloid precursor protein can be 
transported independent of any sorting signal to the axonal and 
dendritic compartment. J Neurosci Res. 85, 2580-90. 

Bailey, J. A., B. Maloney, Y. W. Ge and D. K. Lahiri (2011) Functional activity 
of the novel Alzheimer's amyloid beta-peptide interacting domain 
(AbetaID) in the APP and BACE1 promoter sequences and 
implications in activating apoptotic genes and in amyloidogenesis. 
Gene. 488, 13-22. 

Bar, I., C. Lambert de Rouvroit and A. M. Goffinet (2000) The Reelin signaling 
pathway in mouse cortical development. Eur J Morphol. 38, 321-5. 

Bekris, L. M., C. E. Yu, T. D. Bird and D. W. Tsuang (2010) Genetics of 
Alzheimer disease. J Geriatr Psychiatry Neurol. 23, 213-27. 

Bertram, L., C. M. Lill and R. E. Tanzi (2010) The genetics of Alzheimer 
disease: back to the future. Neuron. 68, 270-81. 

Biederer, T., X. Cao, T. C. Sudhof and X. Liu (2002) Regulation of APP-
dependent transcription complexes by Mint/X11s: differential functions 
of Mint isoforms. J Neurosci. 22, 7340-51. 

Black, R. A., C. T. Rauch, C. J. Kozlosky, J. J. Peschon, J. L. Slack, M. F. 
Wolfson, B. J. Castner, K. L. Stocking, P. Reddy, S. Srinivasan, N. 
Nelson, N. Boiani, K. A. Schooley, M. Gerhart, R. Davis, J. N. Fitzner, 
R. S. Johnson, R. J. Paxton, C. J. March and D. P. Cerretti (1997) A 
metalloproteinase disintegrin that releases tumour-necrosis factor-
alpha from cells. Nature. 385, 729-33. 

Blennow, K., M. J. de Leon and H. Zetterberg (2006) Alzheimer's disease. 
Lancet. 368, 387-403. 

Borg, J. P., J. Ooi, E. Levy and B. Margolis (1996) The phosphotyrosine 
interaction domains of X11 and FE65 bind to distinct sites on the 
YENPTY motif of amyloid precursor protein. Mol Cell Biol. 16, 6229-41. 



	   79	  

Borg, J. P., Y. Yang, M. De Taddeo-Borg, B. Margolis and R. S. Turner (1998) 
The X11alpha protein slows cellular amyloid precursor protein 
processing and reduces Abeta40 and Abeta42 secretion. J Biol Chem. 
273, 14761-6. 

Bray, S. J. (2006) Notch signalling: a simple pathway becomes complex. Nat 
Rev Mol Cell Biol. 7, 678-89. 

Brugge, J. S., P. C. Cotton, A. E. Queral, J. N. Barrett, D. Nonner and R. W. 
Keane (1985) Neurones express high levels of a structurally modified, 
activated form of pp60c-src. Nature. 316, 554-7. 

Brugge, J. S. and R. L. Erikson (1977) Identification of a transformation-
specific antigen induced by an avian sarcoma virus. Nature. 269, 346-
348. 

Brunholz, S., S. Sisodia, A. Lorenzo, C. Deyts, S. Kins and G. Morfini (2011) 
Axonal transport of APP and the spatial regulation of APP cleavage 
and function in neuronal cells. Exp Brain Res. 

Burgos, P. V., G. A. Mardones, A. L. Rojas, L. L. daSilva, Y. Prabhu, J. H. 
Hurley and J. S. Bonifacino (2010) Sorting of the Alzheimer's disease 
amyloid precursor protein mediated by the AP-4 complex. Dev. Cell. 
18, 425-36. 

Cao, X. and T. C. Südhof (2006) A Transcriptively Active Complex of APP 
with Fe65 and Histone Acetyltransferase Tip60. Science. 293, 115-120. 

Cartwright, C. A., R. Simantov, W. M. Cowan, T. Hunter and W. Eckhart 
(1988) pp60c-src expression in the developing rat brain. Proc Natl 
Acad Sci U S A. 85, 3348-52. 

Cataldi, M., M. Taglialatela, S. Guerriero, S. Amoroso, G. Lombardi, G. di 
Renzo and L. Annunziato (1996) Protein-tyrosine kinases activate 
while protein-tyrosine phosphatases inhibit L-type calcium channel 
activity in pituitary GH3 cells. J Biol Chem. 271, 9441-6. 

Chang, K. A., H. S. Kim, T. Y. Ha, J. W. Ha, K. Y. Shin, Y. H. Jeong, J. P. 
Lee, C. H. Park, S. Kim, T. K. Baik and Y. H. Suh (2006) 
Phosphorylation of amyloid precursor protein (APP) at Thr668 
regulates the nuclear translocation of the APP intracellular domain and 
induces neurodegeneration. Mol Cell Biol. 26, 4327-38. 

Chaufty, J., S. E. Sullivan and A. Ho (2012) Intracellular Amyloid Precursor 
Protein Sorting and Amyloid-beta Secretion Are Regulated by Src-
Mediated Phosphorylation of Mint2. J. Neurosci. 32, 9613-25. 

Chen, X. H., R. Siman, A. Iwata, D. F. Meaney, J. Q. Trojanowski and D. H. 
Smith (2004) Long-term accumulation of amyloid-beta, beta-secretase, 
presenilin-1, and caspase-3 in damaged axons following brain trauma. 
Am J Pathol. 165, 357-71. 

Citron, M., D. Westaway, W. Xia, G. Carlson, T. Diehl, G. Levesque, K. 
Johnson-Wood, M. Lee, P. Seubert, A. Davis, D. Kholodenko, R. 
Motter, R. Sherrington, B. Perry, H. Yao, R. Strome, I. Lieberburg, J. 
Rommens, S. Kim, D. Schenk, P. Fraser, P. St George Hyslop and D. 
J. Selkoe (1997) Mutant presenilins of Alzheimer's disease increase 
production of 42-residue amyloid beta-protein in both transfected cells 
and transgenic mice. Nat Med. 3, 67-72. 

Claeysen, S., M. Cochet, R. Donneger, A. Dumuis, J. Bockaert and P. 
Giannoni (2012) Alzheimer culprits: Cellular crossroads and interplay. 
Cell Signal. 24, 1831-40. 



	   80	  

Collett, M. S. and R. L. Erikson (1978) Protein kinase activity associated with 
the avian sarcoma virus src gene product. Proc Natl Acad Sci U S A. 
75, 2021-4. 

Cooper, J. A., K. L. Gould, C. A. Cartwright and T. Hunter (1986) Tyr527 is 
phosphorylated in pp60c-src: implications for regulation. Science. 231, 
1431-4. 

Cotton, P. C. and J. S. Brugge (1983) Neural tissues express high levels of 
the cellular src gene product pp60c-src. Mol Cell Biol. 3, 1157-62. 

Dickey, C. A., M. N. Gordon, J. E. Mason, N. J. Wilson, D. M. Diamond, J. F. 
Guzowski and D. Morgan (2004) Amyloid suppresses induction of 
genes critical for memory consolidation in APP + PS1 transgenic mice. 
J Neurochem. 88, 434-42. 

Ermekova, K. S., N. Zambrano, H. Linn, G. Minopoli, F. Gertler, T. Russo and 
M. Sudol (1997) The WW Domain of Neural Protein FE65 Interacts 
with Proline-rich Motifs in Mena, the Mammalian Homolog of 
DrosophilaEnabled. Journal of Biological Chemistry. 272, 32869-
32877. 

Esposito, F., R. Ammendola, A. Duilio, F. Costanzo, M. Giordano, N. 
Zambrano, P. D'Agostino, T. Russo and F. Cimino (1990) Isolation of 
cDNA Fragments Hybridizing to Rat Brain-Specific mRNAs. 
Developmental Neuroscience. 12, 373-381. 

Evans, D. A., H. H. Funkenstein, M. S. Albert, P. A. Scherr, N. R. Cook, M. J. 
Chown, L. E. Hebert, C. H. Hennekens and J. O. Taylor (1989) 
Prevalence of Alzheimer's disease in a community population of older 
persons. Higher than previously reported. JAMA. 262, 2551-6. 

Fadool, D. A., T. C. Holmes, K. Berman, D. Dagan and I. B. Levitan (1997) 
Tyrosine phosphorylation modulates current amplitude and kinetics of a 
neuronal voltage-gated potassium channel. J Neurophysiol. 78, 1563-
73. 

Farris, W., S. Mansourian, Y. Chang, L. Lindsley, E. A. Eckman, M. P. Frosch, 
C. B. Eckman, R. E. Tanzi, D. J. Selkoe and S. Guenette (2003) 
Insulin-degrading enzyme regulates the levels of insulin, amyloid beta-
protein, and the beta-amyloid precursor protein intracellular domain in 
vivo. Proc Natl Acad Sci U S A. 100, 4162-7. 

Ferreira, A., A. Caceres and K. S. Kosik (1993) Intraneuronal compartments 
of the amyloid precursor protein. J Neurosci. 13, 3112-23. 

Fiore, F., N. Zambrano, G. Minopoli, V. Donini, A. Duilio and T. Russo (1995) 
The regions of the Fe65 protein homologous to the phosphotyrosine 
interaction/phosphotyrosine binding domain of Shc bind the 
intracellular domain of the Alzheimer's amyloid precursor protein. J Biol 
Chem. 270, 30853-6. 

Goate, A., M. C. Chartier-Harlin, M. Mullan, J. Brown, F. Crawford, L. Fidani, 
L. Giuffra, A. Haynes, N. Irving, L. James and et al. (1991) Segregation 
of a missense mutation in the amyloid precursor protein gene with 
familial Alzheimer's disease. Nature. 349, 704-6. 

Goldsbury, C., M. M. Mocanu, E. Thies, C. Kaether, C. Haass, P. Keller, J. 
Biernat, E. Mandelkow and E. M. Mandelkow (2006) Inhibition of APP 
trafficking by tau protein does not increase the generation of amyloid-
beta peptides. Traffic. 7, 873-88. 



	   81	  

Gotz, J., A. Eckert, M. Matamales, L. M. Ittner and X. Liu (2011) Modes of 
Abeta toxicity in Alzheimer's disease. Cell Mol Life Sci. 68, 3359-75. 

Grant, S. G., T. J. O'Dell, K. A. Karl, P. L. Stein, P. Soriano and E. R. Kandel 
(1992) Impaired long-term potentiation, spatial learning, and 
hippocampal development in fyn mutant mice. Science. 258, 1903-10. 

Grbovic, O. M., P. M. Mathews, Y. Jiang, S. D. Schmidt, R. Dinakar, N. B. 
Summers-Terio, B. P. Ceresa, R. A. Nixon and A. M. Cataldo (2003) 
Rab5-stimulated up-regulation of the endocytic pathway increases 
intracellular beta-cleaved amyloid precursor protein carboxyl-terminal 
fragment levels and Abeta production. J. Biol. Chem. 278, 31261-8. 

Grehan, S., E. Tse and J. M. Taylor (2001) Two distal downstream enhancers 
direct expression of the human apolipoprotein E gene to astrocytes in 
the brain. J Neurosci. 21, 812-22. 

Grimm, M. O., H. S. Grimm, A. J. Patzold, E. G. Zinser, R. Halonen, M. 
Duering, J. A. Tschape, B. De Strooper, U. Muller, J. Shen and T. 
Hartmann (2005) Regulation of cholesterol and sphingomyelin 
metabolism by amyloid-beta and presenilin. Nat Cell Biol. 7, 1118-23. 

Groemer, T. W., C. S. Thiel, M. Holt, D. Riedel, Y. Hua, J. Huve, B. G. 
Wilhelm and J. Klingauf (2011) Amyloid precursor protein is trafficked 
and secreted via synaptic vesicles. PLoS One. 6, e18754. 

Götz, J., M. Matamales, N. N. Götz, L. M. Ittner and A. Eckert (2012) 
Alzheimer's disease models and functional genomics—How many 
needles are there in the haystack? Front Physiol. 3. 

Ho, A., X. Liu and T. C. Südhof (2008) Deletion of Mint Proteins Decreases 
Amyloid Production in Transgenic Mouse Models of Alzheimer's 
Disease. The Journal of Neuroscience. 28, 14392-14400. 

Hoe, H.-S., T. S. Tran, Y. Matsuoka, B. W. Howell and G. W. Rebeck (2006) 
DAB1 and Reelin Effects on Amyloid Precursor Protein and ApoE 
Receptor 2 Trafficking and Processing. Journal of Biological Chemistry. 
281, 35176-35185. 

Hoe, H. S., S. S. Minami, A. Makarova, J. Lee, B. T. Hyman, Y. Matsuoka and 
G. W. Rebeck (2008) Fyn modulation of Dab1 effects on amyloid 
precursor protein and ApoE receptor 2 processing. J Biol Chem. 283, 
6288-99. 

Hoey, S. E., R. J. Williams and M. S. Perkinton (2009) Synaptic NMDA 
receptor activation stimulates alpha-secretase amyloid precursor 
protein processing and inhibits amyloid-beta production. J Neurosci. 
29, 4442-60. 

Howell, B. W., L. M. Lanier, R. Frank, F. B. Gertler and J. A. Cooper (1999) 
The Disabled 1 Phosphotyrosine-Binding Domain Binds to the 
Internalization Signals of Transmembrane Glycoproteins and to 
Phospholipids. Molecular and Cellular Biology. 19, 5179-5188. 

Huang, Y., W. Lu, D. W. Ali, K. A. Pelkey, G. M. Pitcher, Y. M. Lu, H. Aoto, J. 
C. Roder, T. Sasaki, M. W. Salter and J. F. MacDonald (2001) 
CAKbeta/Pyk2 kinase is a signaling link for induction of long-term 
potentiation in CA1 hippocampus. Neuron. 29, 485-96. 

Inomata, H., Y. Nakamura, A. Hayakawa, H. Takata, T. Suzuki, K. Miyazawa 
and N. Kitamura (2003) A scaffold protein JIP-1b enhances amyloid 
precursor protein phosphorylation by JNK and its association with 
kinesin light chain 1. J Biol Chem. 278, 22946-55. 



	   82	  

Irizarry, M. C., M. McNamara, K. Fedorchak, K. Hsiao and B. T. Hyman 
(1997) APPSw transgenic mice develop age-related A beta deposits 
and neuropil abnormalities, but no neuronal loss in CA1. J Neuropathol 
Exp Neurol. 56, 965-73. 

Jacobsen, K. T. and K. Iverfeldt (2011) O-GlcNAcylation increases non-
amyloidogenic processing of the amyloid-beta precursor protein (APP). 
Biochem Biophys Res Commun. 404, 882-6. 

Jorissen, E., J. Prox, C. Bernreuther, S. Weber, R. Schwanbeck, L. Serneels, 
A. Snellinx, K. Craessaerts, A. Thathiah, I. Tesseur, U. Bartsch, G. 
Weskamp, C. P. Blobel, M. Glatzel, B. De Strooper and P. Saftig 
(2010) The disintegrin/metalloproteinase ADAM10 is essential for the 
establishment of the brain cortex. J Neurosci. 30, 4833-44. 

Kamal, A., A. Almenar-Queralt, J. F. LeBlanc, E. A. Roberts and L. S. 
Goldstein (2001) Kinesin-mediated axonal transport of a membrane 
compartment containing beta-secretase and presenilin-1 requires APP. 
Nature. 414, 643-8. 

Kamal, A., G. B. Stokin, Z. Yang, C. H. Xia and L. S. Goldstein (2000) Axonal 
transport of amyloid precursor protein is mediated by direct binding to 
the kinesin light chain subunit of kinesin-I. Neuron. 28, 449-59. 

Kaplan, K. B., J. R. Swedlow, H. E. Varmus and D. O. Morgan (1992) 
Association of p60c-src with endosomal membranes in mammalian 
fibroblasts. J Cell Biol. 118, 321-33. 

Khalifa, N. B., D. Tyteca, C. Marinangeli, M. Depuydt, J.-F. Collet, P. J. 
Courtoy, J.-C. Renauld, S. Constantinescu, J.-N. Octave and P. 
Kienlen-Campard (2012) Structural features of the KPI domain control 
APP dimerization, trafficking, and processing. The FASEB Journal. 26, 
855-867. 

Kim, M., J. Suh, D. Romano, M. H. Truong, K. Mullin, B. Hooli, D. Norton, G. 
Tesco, K. Elliott, S. L. Wagner, R. D. Moir, K. D. Becker and R. E. 
Tanzi (2009) Potential late-onset Alzheimer's disease-associated 
mutations in the ADAM10 gene attenuate {alpha}-secretase activity. 
Hum Mol Genet. 18, 3987-96. 

King, G. D., K. Cherian and R. S. Turner (2004) X11α impairs γ‐ but not β‐
cleavage of amyloid precursor protein. Journal of Neurochemistry. 88, 
971-982. 

King, G. D., R. G. Perez, M. L. Steinhilb, J. R. Gaut and R. S. Turner (2003) 
X11alpha modulates secretory and endocytic trafficking and metabolis
m of amyloid precursor protein: mutational analysis of 
the YENPTY sequence. Neuroscience. 120, 143-54. 

Kinoshita, A., H. Fukumoto, T. Shah, C. M. Whelan, M. C. Irizarry and B. T. 
Hyman (2003) Demonstration by FRET of BACE interaction with the 
amyloid precursor protein at the cell surface and in early endosomes. J 
Cell Sci. 116, 3339-46. 

Knops, J., S. Suomensaari, M. Lee, L. McConlogue, P. Seubert and S. Sinha 
(1995) Cell-type and amyloid precursor protein-type specific inhibition 
of A beta release by bafilomycin A1, a selective inhibitor of vacuolar 
ATPases. J Biol Chem. 270, 2419-22. 

Koistinaho, M., M. Ort, J. M. Cimadevilla, R. Vondrous, B. Cordell, J. 
Koistinaho, J. Bures and L. S. Higgins (2001) Specific spatial learning 
deficits become severe with age in beta -amyloid precursor protein 



	   83	  

transgenic mice that harbor diffuse beta-amyloid deposits but do not 
form plaques. Proc Natl Acad Sci U S A. 98, 14675-80. 

Kojro, E., P. Fuger, C. Prinzen, A. M. Kanarek, D. Rat, K. Endres, F. 
Fahrenholz and R. Postina (2010) Statins and the squalene synthase 
inhibitor zaragozic acid stimulate the non-amyloidogenic pathway of 
amyloid-beta protein precursor processing by suppression of 
cholesterol synthesis. J Alzheimers Dis. 20, 1215-31. 

Kojro, E., G. Gimpl, S. Lammich, W. Marz and F. Fahrenholz (2001) Low 
cholesterol stimulates the nonamyloidogenic pathway by its effect on 
the alpha -secretase ADAM 10. Proc Natl Acad Sci U S A. 98, 5815-20. 

Koushika, S. P. (2008) "JIP"ing along the axon: the complex roles of JIPs in 
axonal transport. Bioessays. 30, 10-4. 

Kramer, E. M., C. Klein, T. Koch, M. Boytinck and J. Trotter (1999) 
Compartmentation of Fyn kinase with glycosylphosphatidylinositol-
anchored molecules in oligodendrocytes facilitates kinase activation 
during myelination. J Biol Chem. 274, 29042-9. 

Kuhn, P. H., H. Wang, B. Dislich, A. Colombo, U. Zeitschel, J. W. Ellwart, E. 
Kremmer, S. Rossner and S. F. Lichtenthaler (2010) ADAM10 is the 
physiologically relevant, constitutive alpha-secretase of the amyloid 
precursor protein in primary neurons. EMBO J. 29, 3020-32. 

Kwon, O. Y., K. Hwang, J. A. Kim, K. Kim, I. C. Kwon, H. K. Song and H. Jeon 
(2010) Dab1 binds to Fe65 and diminishes the effect of Fe65 or LRP1 
on APP processing. J Cell Biochem. 111, 508-19. 

LaFerla, F. M., K. N. Green and S. Oddo (2007) Intracellular amyloid-beta in 
Alzheimer's disease. Nat Rev Neurosci. 8, 499-509. 

Lahiri, D. K. and B. Maloney (2010) Beyond the signaling effect role of 
amyloid-ss42 on the processing of APP, and its clinical implications. 
Exp Neurol. 225, 51-4. 

Lammich, S., E. Kojro, R. Postina, S. Gilbert, R. Pfeiffer, M. Jasionowski, C. 
Haass and F. Fahrenholz (1999) Constitutive and regulated alpha-
secretase cleavage of Alzheimer's amyloid precursor protein by a 
disintegrin metalloprotease. Proc Natl Acad Sci U S A. 96, 3922-7. 

Lau, K. F., D. M. McLoughlin, C. L. Stranden, N. G. Irving and C. C. J. Miller 
(2000) Fe65 and X11[beta] co-localize with and compete for binding to 
the amyloid precursor protein. Neuroreport. 11, 3607-3610. 

Lazarov, O., M. Lee, D. A. Peterson and S. S. Sisodia (2002) Evidence that 
synaptically released beta-amyloid accumulates as extracellular 
deposits in the hippocampus of transgenic mice. J Neurosci. 22, 9785-
93. 

Levin, V. A. (2004) Basis and importance of Src as a target in cancer. Cancer 
Treat Res. 119, 89-119. 

Li, Y., W. Zhou, Y. Tong, G. He and W. Song (2006) Control of APP 
processing and Abeta generation level by BACE1 enzymatic activity 
and transcription. FASEB J. 20, 285-92. 

Li, Y. M., M. T. Lai, M. Xu, Q. Huang, J. DiMuzio-Mower, M. K. Sardana, X. P. 
Shi, K. C. Yin, J. A. Shafer and S. J. Gardell (2000) Presenilin 1 is 
linked with gamma-secretase activity in the detergent solubilized state. 
Proc Natl Acad Sci U S A. 97, 6138-43. 

Long, J. F., W. Feng, R. Wang, L. N. Chan, F. C. Ip, J. Xia, N. Y. Ip and M. 
Zhang (2005) Autoinhibition of X11/Mint scaffold proteins revealed by 



	   84	  

the closed conformation of the PDZ tandem. Nat Struct Mol Biol. 12, 
722-8. 

Lorenzen, A., J. Samosh, K. Vandewark, P. H. Anborgh, C. Seah, A. C. 
Magalhaes, S. P. Cregan, S. S. G. Ferguson and S. H. Pasternak 
(2010) Rapid and direct transport of cell surface APP to the lysosome 
defines a novel selective pathway. Molecular brain. 3, 11. 

Lu, D. C., S. Rabizadeh, S. Chandra, R. F. Shayya, L. M. Ellerby, X. Ye, G. S. 
Salvesen, E. H. Koo and D. E. Bredesen (2000) A second cytotoxic 
proteolytic peptide derived from amyloid beta-protein precursor. Nat 
Med. 6, 397-404. 

Lu, Y. M., J. C. Roder, J. Davidow and M. W. Salter (1998) Src activation in 
the induction of long-term potentiation in CA1 hippocampal neurons. 
Science. 279, 1363-7. 

Mahley, R. W., K. H. Weisgraber and Y. Huang (2006) Apolipoprotein E4: a 
causative factor and therapeutic target in neuropathology, including 
Alzheimer's disease. Proc Natl Acad Sci U S A. 103, 5644-51. 

Matos, M. F., Y. Xu, I. Dulubova, Z. Otwinowski, J. M. Richardson, D. R. 
Tomchick, J. Rizo and A. Ho (2012) Autoinhibition of Mint1 adaptor 
protein regulates amyloid precursor protein binding and processing. 
Proc Natl Acad Sci U S A. 109, 3802-7. 

Matsuda, S., Y. Matsuda and L. D'Adamio (2003) Amyloid {beta} Protein 
Precursor (A{beta}PP), but Not A{beta}PP-like Protein 2, Is Bridged to 
the Kinesin Light Chain by the Scaffold Protein JNK-interacting Protein 
1. Journal of Biological Chemistry. 278, 38601. 

Matsuda, S., T. Yasukawa, Y. Homma, Y. Ito, T. Niikura, T. Hiraki, S. Hirai, S. 
Ohno, Y. Kita, M. Kawasumi, K. Kouyama, T. Yamamoto, J. M. Kyriakis 
and I. Nishimoto (2001) c-Jun N-terminal kinase (JNK)-interacting 
protein-1b/islet-brain-1 scaffolds Alzheimer's amyloid precursor protein 
with JNK. J Neurosci. 21, 6597-607. 

McKhann, G., D. Drachman, M. Folstein, R. Katzman, D. Price and E. M. 
Stadlan (1984) Clinical diagnosis of Alzheimer's disease: report of the 
NINCDS-ADRDA Work Group under the auspices of Department of 
Health and Human Services Task Force on Alzheimer's Disease. 
Neurology. 34, 939-44. 

McKhann, G. M., D. S. Knopman, H. Chertkow, B. T. Hyman, C. R. Jack, Jr., 
C. H. Kawas, W. E. Klunk, W. J. Koroshetz, J. J. Manly, R. Mayeux, R. 
C. Mohs, J. C. Morris, M. N. Rossor, P. Scheltens, M. C. Carrillo, B. 
Thies, S. Weintraub and C. H. Phelps (2011) The diagnosis of 
dementia due to Alzheimer's disease: recommendations from the 
National Institute on Aging-Alzheimer's Association workgroups on 
diagnostic guidelines for Alzheimer's disease. Alzheimers Dement. 7, 
263-9. 

McLoughlin, D. M. and C. C. Miller (2008) The FE65 proteins and Alzheimer's 
disease. J Neurosci Res. 86, 744-54. 

Meziane, H., J. C. Dodart, C. Mathis, S. Little, J. Clemens, S. M. Paul and A. 
Ungerer (1998) Memory-enhancing effects of secreted forms of the 
beta-amyloid precursor protein in normal and amnestic mice. Proc Natl 
Acad Sci U S A. 95, 12683-8. 



	   85	  

Miller, C. C., D. M. McLoughlin, K. F. Lau, M. E. Tennant and B. Rogelj (2006) 
The X11 proteins, Abeta production and Alzheimer's disease. Trends 
Neurosci. 29, 280-5. 

Minami, S. S., H. S. Hoe and G. W. Rebeck (2011) Fyn kinase regulates the 
association between amyloid precursor protein and Dab1 by promoting 
their localization to detergent-resistant membranes. J Neurochem. 118, 
879-90. 

Moreno, H., E. Yu, G. Pigino, A. I. Hernandez, N. Kim, J. E. Moreira, M. 
Sugimori and R. R. Llinas (2009) Synaptic transmission block by 
presynaptic injection of oligomeric amyloid beta. Proc Natl Acad Sci U 
S A. 106, 5901-6. 

Morfini, G., G. Pigino, U. Beffert, J. Busciglio and S. T. Brady (2002) Fast 
axonal transport misregulation and Alzheimer's disease. 
Neuromolecular Med. 2, 89-99. 

Morris, M. C., P. A. Scherr, L. E. Hebert, R. J. Glynn, D. A. Bennett and D. A. 
Evans (2001) Association of incident Alzheimer disease and blood 
pressure measured from 13 years before to 2 years after diagnosis in a 
large community study. Arch Neurol. 58, 1640-6. 

Moss, S. J., G. H. Gorrie, A. Amato and T. G. Smart (1995) Modulation of 
GABAA receptors by tyrosine phosphorylation. Nature. 377, 344-8. 

Mueller, H. T., J.-P. Borg, B. Margolis and R. S. Turner (2000) Modulation of 
Amyloid Precursor Protein Metabolism by X11α/Mint-1. Journal of 
Biological Chemistry. 275, 39302-39306. 

Mullan, M. (1992) Familial Alzheimer's disease: second gene locus located. 
BMJ. 305, 1108-9. 

Muller, U. C. and H. Zheng (2012) Physiological Functions of APP Family 
Proteins. Cold Spring Harb Perspect Med. 2, a006288. 

Nihalani, D., H. Wong, R. Verma and L. B. Holzman (2007) Src family kinases 
directly regulate JIP1 module dynamics and activation. Mol Cell Biol. 
27, 2431-41. 

Nitsch, R. M., S. A. Farber, J. H. Growdon and R. J. Wurtman (1993) Release 
of amyloid beta-protein precursor derivatives by electrical 
depolarization of rat hippocampal slices. Proc Natl Acad Sci U S A. 90, 
5191-3. 

Nitsch, R. M., B. E. Slack, R. J. Wurtman and J. H. Growdon (1992) Release 
of Alzheimer amyloid precursor derivatives stimulated by activation of 
muscarinic acetylcholine receptors. Science. 258, 304-7. 

Obregon, D., H. Hou, J. Deng, B. Giunta, J. Tian, D. Darlington, M. 
Shahaduzzaman, Y. Zhu, T. Mori, M. P. Mattson and J. Tan (2012) 
Soluble amyloid precursor protein-alpha modulates beta-secretase 
activity and amyloid-beta generation. Nat Commun. 3, 777. 

Okada, M. and H. Nakagawa (1989) A protein tyrosine kinase involved in 
regulation of pp60c-src function. J Biol Chem. 264, 20886-93. 

Okamoto, M. and T. C. Sudhof (1997) Mints, Munc18-interacting proteins in 
synaptic vesicle exocytosis. J Biol Chem. 272, 31459-64. 

Parisiadou, L. and S. Efthimiopoulos (2007) Expression of mDab1 promotes 
the stability and processing of amyloid precursor protein and this effect 
is counteracted by X11α. Neurobiology of Aging. 28, 377–388. 

Park, S. A., G. M. Shaked, D. E. Bredesen and E. H. Koo (2009) Mechanism 
of cytotoxicity mediated by the C31 fragment of the amyloid precursor 



	   86	  

protein. Biochemical and Biophysical Research Communications. 388, 
450–455. 

Parkin, E. T., I. Hussain, E. H. Karran, A. J. Turner and N. M. Hooper (1999) 
Characterization of detergent-insoluble complexes containing the 
familial Alzheimer's disease-associated presenilins. J Neurochem. 72, 
1534-43. 

Parsons, J. T. and M. J. Weber (1989) Genetics of src: structure and 
functional organization of a protein tyrosine kinase. Curr Top Microbiol 
Immunol. 147, 79-127. 

Parvathy, S., I. Hussain, E. H. Karran, A. J. Turner and N. M. Hooper (1999) 
Cleavage of Alzheimer's amyloid precursor protein by alpha-secretase 
occurs at the surface of neuronal cells. Biochemistry. 38, 9728-34. 

Perez, R. G., S. Soriano, J. D. Hayes, B. Ostaszewski, W. M. Xia, D. J. 
Selkoe, X. H. Chen, G. B. Stokin and E. H. Koo (1999) Mutagenesis 
identifies new signals for beta-amyloid precursor protein endocytosis, 
turnover, and the generation of secreted fragments, including A beta 
42. Journal of Biological Chemistry. 274, 18851-18856. 

Perkinton, M. S., C. L. Standen, K. F. Lau, S. Kesavapany, H. L. Byers, M. 
Ward, D. M. McLoughlin and C. C. Miller (2004) The c-Abl tyrosine 
kinase phosphorylates the Fe65 adaptor protein to stimulate 
Fe65/amyloid precursor protein nuclear signaling. J Biol Chem. 279, 
22084-91. 

Perl, D. P. (2010) Neuropathology of Alzheimer's disease. Mt Sinai J Med. 77, 
32-42. 

Perry, G., A. D. Cash and M. A. Smith (2002) Alzheimer Disease and 
Oxidative Stress. J Biomed Biotechnol. 2, 120-123. 

Pigino, G., G. Morfini, Y. Atagi, A. Deshpande, C. Yu, L. Jungbauer, M. LaDu, 
J. Busciglio and S. Brady (2009) Disruption of fast axonal transport is a 
pathogenic mechanism for intraneuronal amyloid beta. Proc Natl Acad 
Sci U S A. 106, 5907-12. 

Profenno, L. A., A. P. Porsteinsson and S. V. Faraone (2010) Meta-analysis of 
Alzheimer's disease risk with obesity, diabetes, and related disorders. 
Biol Psychiatry. 67, 505-12. 

Prox, J., A. Rittger and P. Saftig (2012) Physiological functions of the amyloid 
precursor protein secretases ADAM10, BACE1, and Presenilin. Exp 
Brain Res. 217, 331-41. 

Puzzo, D., L. Privitera, E. Leznik, M. Fa, A. Staniszewski, A. Palmeri and O. 
Arancio (2008) Picomolar amyloid-beta positively modulates synaptic 
plasticity and memory in hippocampus. J Neurosci. 28, 14537-45. 

Pyper, J. M. and J. B. Bolen (1990) Identification of a novel neuronal C-SRC 
exon expressed in human brain. Mol Cell Biol. 10, 2035-40. 

Renzi, F., X. Zhang, W. J. Rice, C. Torres-Arancivia, Y. Gomez-Llorente, R. 
Diaz, K. Ahn, C. Yu, Y. M. Li, S. S. Sisodia and I. Ubarretxena-
Belandia (2011) Structure of gamma-secretase and its trimeric pre-
activation intermediate by single-particle electron microscopy. J Biol 
Chem. 286, 21440-9. 

Rice, D. S., M. Sheldon, G. D'Arcangelo, K. Nakajima, D. Goldowitz and T. 
Curran (1998) Disabled-1 acts downstream of Reelin in a signaling 
pathway that controls laminar organization in the mammalian brain. 
Development. 125, 3719-29. 



	   87	  

Rogelj, B., Mitchell, J. C., Miller, C. C. J., McLoughlin, D. M. (2006) The 
X11/Mint family of adaptor proteins. Brain Research Reviews. 52, 305–
315. 

Roghani, M., J. D. Becherer, M. L. Moss, R. E. Atherton, H. Erdjument-
Bromage, J. Arribas, R. K. Blackburn, G. Weskamp, P. Tempst and C. 
P. Blobel (1999) Metalloprotease-disintegrin MDC9: intracellular 
maturation and catalytic activity. J Biol Chem. 274, 3531-40. 

Roskoski, R., Jr. (2004) Src protein-tyrosine kinase structure and regulation. 
Biochem Biophys Res Commun. 324, 1155-64. 

Roussel, R. R., S. R. Brodeur, D. Shalloway and A. P. Laudano (1991) 
Selective binding of activated pp60c-src by an immobilized synthetic 
phosphopeptide modeled on the carboxyl terminus of pp60c-src. Proc 
Natl Acad Sci U S A. 88, 10696-700. 

Sabo, S. L., L. M. Lanier, A. F. Ikin, O. Khorkova, S. Sahasrabudhe, P. 
Greengard and J. D. Buxbaum (1999) Regulation of beta-amyloid 
secretion by FE65, an amyloid protein precursor-binding protein. J Biol 
Chem. 274, 7952-7. 

Saito, Y., Y. Sano, R. Vassar, S. Gandy, T. Nakaya, T. Yamamoto and T. 
Suzuki (2008) X11 Proteins Regulate the Translocation of Amyloid β-
Protein Precursor (APP) into Detergent-resistant Membrane and 
Suppress the Amyloidogenic Cleavage of APP by β-Site-cleaving 
Enzyme in Brain. Journal of Biological Chemistry. 283, 35763-35771. 

Sakuma, M., E. Tanaka, H. Taru, S. Tomita, S. Gandy, A. C. Nairn, T. 
Nakaya, T. Yamamoto and T. Suzuki (2009) Phosphorylation of the 
amino-terminal region of X11L regulates its interaction with APP. 
Journal of Neurochemistry. 109, 465-475. 

Sandilands, E., C. Cans, V. J. Fincham, V. G. Brunton, H. Mellor, G. C. 
Prendergast, J. C. Norman, G. Superti-Furga and M. C. Frame (2004) 
RhoB and actin polymerization coordinate Src activation with 
endosome-mediated delivery to the membrane. Dev Cell. 7, 855-69. 

Sano, Y., A. Syuzo-Takabatake, T. Nakaya, Y. Saito, S. Tomita, S. Itohara 
and T. Suzuki (2006) Enhanced amyloidogenic metabolism of the 
amyloid beta-protein precursor in the X11L-deficient mouse brain. J 
Biol Chem. 281, 37853-60. 

Santiard-Baron, D., D. Langui, M. Delehedde, B. Delatour, B. Schombert, N. 
Touchet, G. Tremp, M. F. Paul, V. Blanchard, N. Sergeant, A. 
Delacourte, C. Duyckaerts, L. Pradier and L. Mercken (2005) 
Expression of human FE65 in amyloid precursor protein transgenic 
mice is associated with a reduction in beta-amyloid load. J Neurochem. 
93, 330-8. 

Santos, S. F., N. Pierrot and J. N. Octave (2010) Network excitability 
dysfunction in Alzheimer's disease: insights from in vitro and in vivo 
models. Rev Neurosci. 21, 153-71. 

Sastre, M., R. S. Turner and E. Levy (1998) X11 interaction with beta-amyloid 
precursor protein modulates its cellular stabilization and reduces 
amyloid beta-protein secretion. J Biol Chem. 273, 22351-7. 

Scheinfeld, M. H., S. Matsuda and L. D'Adamio (2003) JNK-interacting 
protein-1 promotes transcription of A beta protein precursor but not A 
beta precursor-like proteins, mechanistically different than Fe65. Proc 
Natl Acad Sci U S A. 100, 1729-34. 



	   88	  

Schmitt, F., M. Ryan and G. Cooper (2007) A brief review of the 
pharmacologic and therapeutic aspects of memantine in Alzheimer's 
disease. Expert Opin Drug Metab Toxicol. 3, 135-41. 

Schneider, J. A. and D. A. Bennett (2010) Where vascular meets 
neurodegenerative disease. Stroke. 41, S144-6. 

Schubert, W., R. Prior, A. Weidemann, H. Dircksen, G. Multhaup, C. L. 
Masters and K. Beyreuther (1991) Localization of Alzheimer beta A4 
amyloid precursor protein at central and peripheral synaptic sites. Brain 
Res. 563, 184-94. 

Setou, M., T. Nakagawa, D.-H. Seog and N. Hirokawa (2000) Kinesin 
Superfamily Motor Protein KIF17 and mLin-10 in NMDA Receptor-
Containing Vesicle Transport. Science Signaling. 288, 1796. 

Shah, S., S. F. Lee, K. Tabuchi, Y. H. Hao, C. Yu, Q. LaPlant, H. Ball, C. E. 
Dann, 3rd, T. Sudhof and G. Yu (2005) Nicastrin functions as a 
gamma-secretase-substrate receptor. Cell. 122, 435-47. 

Shen, J., R. T. Bronson, D. F. Chen, W. Xia, D. J. Selkoe and S. Tonegawa 
(1997) Skeletal and CNS defects in Presenilin-1-deficient mice. Cell. 
89, 629-39. 

Sherrington, R., S. Froelich, S. Sorbi, D. Campion, H. Chi, E. A. Rogaeva, G. 
Levesque, E. I. Rogaev, C. Lin, Y. Liang, M. Ikeda, L. Mar, A. Brice, Y. 
Agid, M. E. Percy, F. Clerget-Darpoux, S. Piacentini, G. Marcon, B. 
Nacmias, L. Amaducci, T. Frebourg, L. Lannfelt, J. M. Rommens and 
P. H. St George-Hyslop (1996) Alzheimer's disease associated with 
mutations in presenilin 2 is rare and variably penetrant. Hum Mol 
Genet. 5, 985-8. 

Simons, M., B. de Strooper, G. Multhaup, P. J. Tienari, C. G. Dotti and K. 
Beyreuther (1996) Amyloidogenic processing of the human amyloid 
precursor protein in primary cultures of rat hippocampal neurons. J 
Neurosci. 16, 899-908. 

Sisodia, S. S., E. H. Koo, K. Beyreuther, A. Unterbeck and D. L. Price (1990) 
Evidence that beta-amyloid in Alzheimer's disease is not derived by 
normal processing. Science. 248, 492-495. 

Skoog, I. and D. Gustafson (2006) Update on hypertension and Alzheimer's 
disease. Neurol Res. 28, 605-11. 

Skovronsky, D. M., D. B. Moore, M. E. Milla, R. W. Doms and V. M.-Y. Lee 
(2012) Protein Kinase C-dependent α-Secretase Competes with β-
Secretase for Cleavage of Amyloid-β Precursor Protein in the Trans-
Golgi Network. Journal of Biological Chemistry. 275, 2568-2575. 

Soriano, P., C. Montgomery, R. Geske and A. Bradley (1991) Targeted 
disruption of the c-src proto-oncogene leads to osteopetrosis in mice. 
Cell. 64, 693-702. 

Steiner, H., E. Winkler and C. Haass (2008) Chemical Cross-linking Provides 
a Model of the γ-Secretase Complex Subunit Architecture and 
Evidence for Close Proximity of the C-terminal Fragment of Presenilin 
with APH-1. Journal of Biological Chemistry. 283, 34677-34686. 

Sudol, M. and H. Hanafusa (1986) Cellular proteins homologous to the viral 
yes gene product. Mol Cell Biol. 6, 2839-46. 

Szodorai, A., Y.-H. Kuan, S. Hunzelmann, U. Engel, A. Sakane, T. Sasaki, Y. 
Takai, J. Kirsch, U. Müller, K. Beyreuther, S. Brady, G. Morfini and K. 
S. (2009) APP Anterograde Transport Requires Rab3A GTPase 



	   89	  

Activity for Assembly of the Transport Vesicle. The Journal of 
Neuroscience. 29, 14534-14544. 

Takeya, T. and H. Hanafusa (1983) Structure and sequence of the cellular 
gene homologous to the RSV src gene and the mechanism for 
generating the transforming virus. Cell. 32, 881-90. 

Tamayev, R., D. Zhou and L. D'Adamio (2009) The interactome of the 
amyloid β precursor protein family members is shaped by 
phosphorylation of their intracellular domains. Molecular 
Neurodegeneration. 4, 28. 

Tandon, A. and P. Fraser (2002) The presenilins. Genome Biol. 3, 
reviews3014. 

Taru, H., Y. Kirino and T. Suzuki (2002) Differential roles of JIP scaffold 
proteins in the modulation of amyloid precursor protein metabolism. J 
Biol Chem. 277, 27567-74. 

Theuns, J., J. Del-Favero, B. Dermaut, C. M. van Duijn, H. Backhovens, M. V. 
Van den Broeck, S. Serneels, E. Corsmit, C. V. Van Broeckhoven and 
M. Cruts (2000) Genetic variability in the regulatory region of presenilin 
1 associated with risk for Alzheimer's disease and variable expression. 
Hum Mol Genet. 9, 325-31. 

Thinakaran, G. and E. H. Koo (2008) Amyloid Precursor Protein Trafficking, 
Processing, and Function. Journal of Biological Chemistry. 283, 29615-
29619. 

Thornton, E., R. Vink, P. C. Blumbergs and C. Van Den Heuvel (2006) 
Soluble amyloid precursor protein alpha reduces neuronal injury and 
improves functional outcome following diffuse traumatic brain injury in 
rats. Brain Res. 1094, 38-46. 

Tienari, P. J., B. De Strooper, E. Ikonen, M. Simons, A. Weidemann, C. 
Czech, T. Hartmann, N. Ida, G. Multhaup, C. L. Masters, F. Van 
Leuven, K. Beyreuther and C. G. Dotti (1996) The beta-amyloid domain 
is essential for axonal sorting of amyloid precursor protein. EMBO J. 
15, 5218-29. 

Tomita, S., Y. Kirino and T. Suzuki (1998) Cleavage of Alzheimer’s Amyloid 
Precursor Protein (APP) by Secretases Occurs after O-Glycosylation of 
APP in the Protein Secretory Pathway. The Journal of Biological 
Chemistry. 273, 6277-6284. 

Vassar, R., B. D. Bennett, S. Babu-Khan, S. Kahn, E. A. Mendiaz, P. Denis, 
D. B. Teplow, S. Ross, P. Amarante, R. Loeloff, Y. Luo, S. Fisher, J. 
Fuller, S. Edenson, J. Lile, M. A. Jarosinski, A. L. Biere, E. Curran, T. 
Burgess, J. C. Louis, F. Collins, J. Treanor, G. Rogers and M. Citron 
(1999) Beta-secretase cleavage of Alzheimer's amyloid precursor 
protein by the transmembrane aspartic protease BACE. Science. 286, 
735-41. 

Vazquez, M. C., L. M. Vargas, N. C. Inestrosa and A. R. Alvarez (2009) c-Abl 
modulates AICD dependent cellular responses: transcriptional 
induction and apoptosis. J Cell Physiol. 220, 136-43. 

Verhey, K. J., D. Meyer, R. Deehan, J. Blenis, B. J. Schnapp, T. A. Rapoport 
and B. Margolis (2001) Cargo of kinesin identified as JIP scaffolding 
proteins and associated signaling molecules. J Cell Biol. 152, 959-70. 

von Rotz, R. C., B. M. Kohli, J. Bosset, M. Meier, T. Suzuki, R. M. Nitsch and 
U. Konietzko (2004) The APP intracellular domain forms nuclear 



	   90	  

multiprotein complexes and regulates the transcription of its own 
precursor. Journal of Cell Science. 117, 4435-4448. 

Wang, K., J. T. Hackett, M. E. Cox, M. Van Hoek, J. M. Lindstrom and S. J. 
Parsons (2004) Regulation of the neuronal nicotinic acetylcholine 
receptor by SRC family tyrosine kinases. J Biol Chem. 279, 8779-86. 

Wang, Y. T. and M. W. Salter (1994) Regulation of NMDA receptors by 
tyrosine kinases and phosphatases. Nature. 369, 233-235. 

Watanabe, T., Y. Hikichi, A. Willuweit, Y. Shintani and T. Horiguchi (2012) 
FBL2 Regulates Amyloid Precursor Protein (APP) Metabolism by 
Promoting Ubiquitination-Dependent APP Degradation and Inhibition of 
APP Endocytosis. Journal of Neuroscience. 32, 3352-3365. 

Welham, M. J. and J. A. Wyke (1988) A single point mutation has pleiotropic 
effects on pp60v-src function. J Virol. 62, 1898-906. 

Wen, Y., W. H. Yu, B. Maloney, J. Bailey, J. Ma, I. Marie, T. Maurin, L. Wang, 
H. Figueroa, M. Herman, P. Krishnamurthy, L. Liu, E. Planel, L. F. Lau, 
D. K. Lahiri and K. Duff (2008) Transcriptional regulation of beta-
secretase by p25/cdk5 leads to enhanced amyloidogenic processing. 
Neuron. 57, 680-90. 

Weskamp, G., J. Kratzschmar, M. S. Reid and C. P. Blobel (1996) MDC9, a 
widely expressed cellular disintegrin containing cytoplasmic SH3 ligand 
domains. J Cell Biol. 132, 717-26. 

Westerman, M. A., D. Cooper-Blacketer, A. Mariash, L. Kotilinek, T. 
Kawarabayashi, L. H. Younkin, G. A. Carlson, S. G. Younkin and K. H. 
Ashe (2002) The relationship between Abeta and memory in the 
Tg2576 mouse model of Alzheimer's disease. J Neurosci. 22, 1858-67. 

Whitehouse, P. J., A. M. Martino, M. V. Wagster, D. L. Price, R. Mayeux, J. R. 
Atack and K. J. Kellar (1988) Reductions in [3H]nicotinic acetylcholine 
binding in Alzheimer's disease and Parkinson's disease: an 
autoradiographic study. Neurology. 38, 720-3. 

Wilquet, V. and B. D. Strooper (2004) Amyloid-beta precursor protein 
processing in neurodegeneration. Current Opinion in Neurobiology. 14, 
582-588. 

Wu, J., R. S. Petralia, H. Kurushima, H. Patel, M. Y. Jung, L. Volk, S. 
Chowdhury, J. D. Shepherd, M. Dehoff, Y. Li, D. Kuhl, R. L. Huganir, D. 
L. Price, R. Scannevin, J. C. Troncoso, P. C. Wong and P. F. Worley 
(2011) Arc/Arg3.1 regulates an endosomal pathway essential for 
activity-dependent beta-amyloid generation. Cell. 147, 615-28. 

Xie, X., X. Yan, Z. Wang, H. Zhou, W. Diao, W. Zhou, J. Long and Y. Shen 
(2012) Open-closed motion of Mint2 regulates APP metabolism. J Mol 
Cell Biol. 

Xu, Q., A. Bernardo, D. Walker, T. Kanegawa, R. W. Mahley and Y. Huang 
(2006) Profile and regulation of apolipoprotein E (ApoE) expression in 
the CNS in mice with targeting of green fluorescent protein gene to the 
ApoE locus. J Neurosci. 26, 4985-94. 

Yu, H., C. A. Saura, S. Y. Choi, L. D. Sun, X. Yang, M. Handler, T. 
Kawarabayashi, L. Younkin, B. Fedeles, M. A. Wilson, S. Younkin, E. 
R. Kandel, A. Kirkwood and J. Shen (2001) APP processing and 
synaptic plasticity in presenilin-1 conditional knockout mice. Neuron. 
31, 713-26. 



	   91	  

Yu, W. H., A. Kumar, C. Peterhoff, L. Shapiro Kulnane, Y. Uchiyama, B. T. 
Lamb, A. M. Cuervo and R. A. Nixon (2004) Autophagic vacuoles are 
enriched in amyloid precursor protein-secretase activities: implications 
for beta-amyloid peptide overproduction and localization in Alzheimer's 
disease. Int J Biochem Cell Biol. 36, 2531-40. 

Yu, Y. H. and H. N. Ginsberg (2005) Adipocyte signaling and lipid 
homeostasis: sequelae of insulin-resistant adipose tissue. Circ Res. 96, 
1042-52. 

Zambrano, N., J. D. Buxbaum, G. Minopoli, F. Fiore, P. De Candia, S. De 
Renzis, R. Faraonio, S. Sabo, J. Cheetham, M. Sudol and T. Russo 
(1997) Interaction of the phosphotyrosine interaction/phosphotyrosine 
binding-related domains of Fe65 with wild-type and mutant Alzheimer's 
beta-amyloid precursor proteins. J Biol Chem. 272, 6399-405. 

Zheng, X. M., R. J. Resnick and D. Shalloway (2000) A phosphotyrosine 
displacement mechanism for activation of Src by PTPalpha. EMBO J. 
19, 964-78. 

Zrihan-Licht, S., J. Lim, I. Keydar, M. X. Sliwkowski, J. E. Groopman and H. 
Avraham (1997) Association of csk-homologous kinase (CHK) 
(formerly MATK) with HER-2/ErbB-2 in breast cancer cells. J Biol 
Chem. 272, 1856-63. 

 
 


