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Abstract
Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the abnormal accumulation and aggregation of
amyloid beta (Aβ) peptides within the brain. Generation of Aβ occur when the amyloid-beta precursor protein (APP) is
proteolytically processed by β- and then γ-secretase in the amyloidogenic pathway. However, if APP instead is cleaved by
α- and γ-secretase in the non-amyloidogenic pathway, Aβ formation is prevented and neuroprotective sAPPα is generated.
In addition to these canonical processing pathways, APP can also be cleaved along non-canonical pathways by Δ, η, caspase
or Meprinβ, resulting in numerous fragments that have different functional properties. The trafficking and processing of
APP is a complex process and can be regulated by the adaptor protein Fe65. Following γ-secretase mediated cleavage of
APP, the intracellular domain of APP and Fe65 can together translocate into the nucleus and regulate nuclear signaling.
However, the exact mechanisms of how APP processing and APP/Fe65 nuclear signaling are regulated is still unclear. 

The aim of this thesis was to study different factors that may influence the regulation of APP processing and Fe65
nuclear localization. We found that phosphorylation of APP at Ser675 alters APP processing resulting in reduced levels of
sAPPα and total sAPP, without affecting the plasma membrane level of APP. We could further observe an increased level
of a slower migrating C99 like CTF, which was not generated by β-secretase cleavage of APP as there was no expression
of BACE1 in the cell model used. Instead, generation of this CTF was blocked upon Meprinβ siRNA knockdown. Taken
together these findings suggest that APP-Ser675 phosphorylation promotes Meprinβ processing of APP. In another study,
we found that mutation of Ser228 at the Fe65 N-terminal dramatically increased the interaction between Fe65 and full-length
APP. Moreover, this enhanced interaction resulted in decreased levels of non-amyloidogenic processing of APP and thus
neuroprotective sAPPα. This suggest that the level of Fe65-APP interaction is important in regulating APP processing.
Therefore, we also wanted to elucidate more about how the adaptor protein Fe65 is regulated. We found that Fe65 is likely
phosphorylated on several residues in the N-terminus and that these phosphorylated forms preferentially localized in the
cytoplasm. In addition, we could show that the nuclear level and nuclear/cytoplasmic ratio of Fe65 was decreased upon
mutation of Fe65-Ser228 to glutamic acid, mimicking phosphorylation. Taken together this suggest that phosphorylation of
Ser228 together with other residues in the N-terminus of Fe65 negatively regulate the Fe65 nuclear localization. In a third
study, we could also show that the Fe65 PTB2 domain, rather than the WW domain, plays an important role in localizing
Fe65 to the nucleus. Lastly, using different inhibitors, we found that blocking α-secretase processing decrease the Fe65
nuclear localization to the same extent as γ-secretase inhibition in both undifferentiated and RA or PMA differentiated
cells. This suggest that α-secretase processing of APP or other Fe65 interacting transmembrane proteins play a more
important role in regulation of Fe65 nuclear localization than previously thought. Interestingly, while ADAM10 was the
most important α-secretase mediating this effect in undifferentiated cells, other α-secretases, likely ADAM17, played a
more important role in RA or PMA differentiated neuroblastoma cells.

In summary, the results obtained in this thesis have increased the understanding of APP processing and how the adaptor
protein Fe65 may act as a molecular switch altering APP cleavage.
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Abstract 
 
Alzheimer’s disease (AD) is a neurodegenerative disease characterized by the abnormal 
accumulation and aggregation of amyloid beta (Ab) peptides within the brain. Generation of 
Ab occurs when the amyloid-beta precursor protein (APP) is proteolytically processed by b- 
and g- secretase in the amyloidogenic pathway. However, if APP instead is cleaved by a- and 
then g-secretase in the non-amyloidogenic pathway, Ab formation is prevented and 
neuroprotective sAPPa is generated. In addition to these canonical processing pathways, APP 
can also be cleaved along non-canonical pathways by D, h, caspase or Meprinb, resulting in 
numerous fragments, that have different functional properties. The trafficking and processing 
of APP is a complex process and can be regulated by the adaptor protein Fe65. Following g-
secretase mediated cleavage of APP, the intracellular domain of APP and Fe65 can together 
translocate into the nucleus and regulate nuclear signaling. However, the exact mechanisms of 
how APP processing and APP/Fe65 nuclear signaling are regulated is still unclear.   
 
The aim of this thesis was to study different factors that may influence the regulation of APP 
processing and Fe65 nuclear localization. We found that phosphorylation of APP at Ser675 alters 
APP processing resulting in reduced levels of sAPPa and total sAPP, without affecting the 
plasma membrane level of APP. We could further observe an increased level of a slower 
migrating C99 like CTF, which was not generated by b-secretase cleavage of APP, as there was 
no expression of BACE1 in the cell model used. Instead generation of this CTF was blocked 
upon Meprinb siRNA knockdown. Taken together these findings suggest that APP-Ser675 
phosphorylation promotes Meprinb processing of APP. In another study, we found that 
mutation of Ser228 at the Fe65 N-terminal dramatically increased the interaction between Fe65 
and  full-length APP. Moreover, this enhanced interaction resulted in decreased levels of non-
amyloidogenic processing of APP and thus neuroprotective sAPPa. This suggest that the level 
of Fe65-APP interaction is important in regulating APP processing. Therefore, we also wanted 
to elucidate more about how the adaptor protein Fe65 is regulated. We found that Fe65 is likely 
phosphorylated on several residues in the N-terminus and that these phosphorylated forms 
preferentially localized in the cytoplasm. In addition, we could show that  the nuclear level and 
nuclear/cytoplasmic ratio of Fe65 was decreased upon mutation of Fe65-Ser228 to glutamic acid, 
mimicking phosphorylation. Taken together this suggest that phosphorylation of Ser228 together 
with other residues in the N-terminus of Fe65 negatively regulate the Fe65 nuclear localization. 
In a third study, we could also show that the Fe65 PTB2 domain, rather than the WW domain, 
plays an important role in localizing Fe65 to the nucleus. Lastly, using different inhibitors, we 
found that blocking a-secretase processing decrease the Fe65 nuclear localization to the same 
extent as g-secretase inhibition in both undifferentiated and RA or PMA differentiated cells. 
This suggest that a-secretase processing of APP or other Fe65 interacting transmembrane 
proteins play a more important role in regulation of Fe65 nuclear localization than previously 
thought. Interestingly, while ADAM10 was the most important a-secretase mediating this 
effect in undifferentiated cells, other a-secretases, likely ADAM17, played a more important 
role in RA or PMA differentiated neuroblastoma cells.  
 
In summary, the results obtained in this thesis have increased the understanding of APP 
processing and how the adaptor protein Fe65 may act as a molecular switch altering APP 
cleavage.  
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Abbreviations 
 

Ab                Amyloid-b             

AD                Alzheimer’s disease 

ADAM     A disintergrin and metalloprotease  

ADH              Alcohol dehydrogenases 

AICD     APP intracellular domain 

APH-1     Anterior pharynx defective-1 

APLP1     APP like protein 1 

APLP2     APP like protein 2 

ApoE     Apolipoprotein E 

APP     Amyloid-b precursor protein  

ARC              Acidic residue cluster 

ATM             Ataxia telangiectasia mutated kinase 

ATR              ATM- and Rad 3- related kinase 

BACE    b-site APP cleaving enzyme 

BCA    Bicinchoninic acid 

C83                83 amino acids long APP CTF 

C99                99 amino acids long APP CTF 

CBP    Calmodulin binding protein 

CDC    Cell division cycle protein 2 homolog 

cDNA    Complementary DNA 

CNS    Central nervous system   

CSF                Cerebrospinal fluid 

CTF     C-terminal fragment 

CuBD    Copper binding domain 

CAT               Choline acetyl transferase 

Dab1     Disabled-1 

DAPT N-[N-(3,5-Difluorophenacetyl-L-alanyl)]-(S)-phenylglycinet-   butyl 

ester 

DNA    Deoxyribonucleic acid 

dsDNA    Double stranded DNA 

DR                 Death Receptor 

DTT    Dithiothreitol 
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ER                 Endoplasmic reticulum 

ExD                Extension domain  

ESCRT           Endosome sorting complex required for transport  

Fe65L1     Fe65-like 1 

Fe65L2     Fe65-like 2 

FEH-1     Fe65 homolog-1 

GFLD     Growth factor like domain 

GFP                 Green fluorescent protein 

GSK-3b     Glycogen synthase kinase 3b 

HBLD             Heparin binding like domain  

HRP     Horse radish peroxidase 

IF                 Immunofluorescence  

JNK                 C-Jun N-terminal kinase 

KO    Knockout 

KPI                 Kunitz protease inhibitor 

LBP1     Lipopolysaccharide binding protein 1 

LRP                 Low-density lipoprotein receptor-related protein 

LSF                 Late SV40 factor 

MAPK     Mitogen-activated protein kinase 

MAM              Meprin A5 protein tyrosine phosphatase 

Mena     Mammalian-enabled 

MMP     Matrix metalloproteinase 

                mRNA     Messenger RNA 

                Muc-2              Mucus protein mucin - 2 

MVE               Multivesicular endosomes 

NGF      Nerve growth factor 

NLS      Nuclear localization signal 

NFT      Neuro fibrillary tangles 

NRG1              Neuregulin 1  

PCR      Polymerase chain reaction 

PC7                  Proprotein convertases 

PEN-2      Presenilin enhancer 

PKC      Protein kinase C 

PMA      Phorbol 12-myristate 13-acetate 
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PS1                   Presenilin 1 

PS2                   Presenilin 2 

PTB                   Phosphotyrosine binding 

PTM       Posttranslational modification 

RA                   Retinoic acid 

RDH                 Retinol dehydrogenases 

RIP                   Regulated intramembrane proteolysis 

RNA       Ribonucleic acid 

sAPPa       Secreted APPa 

sAPPb       Secreted APPb 

SDS-PAGE      Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

ShcA       Src homology/collagen 

TACE       TNFα converting enzyme 

TAP-tag       Tandem affinity purification 

TEV       Tobacco etch virus 

TGN       Trans Golgi network 

TH                   Tyrosine hydroxylase 

Tip60       Tat interactive protein 60 

TM                   Transmembrane 

TNFα       Tumor necrosis factor α 

TRAF                Tumor necrosis factor associated factor 

WW        Proline-proline 

ZnBD                Zinc binding domain  
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1 Introduction 
 

1.1 Alzheimer’s Disease 
 
Alzheimer’s disease (AD) is a slow progressive neurodegenerative disorder and the most 

common form of dementia. The brain areas that are mostly affected in AD are hippocampus, 

parahippocampal cortex, as well as temporal, parietal and frontal association cortices (Hyman 

et al., 1984). Due to the dysfunction and death of neurons in these brain areas there is 

progressive deterioration of memory and cognitive skills, such as intellectual ability, language, 

orientation, recognition and learning ability in AD (www. bioarctic.se/Alzheimer’s disease). 

The disease can also lead to changes in the personality, psychiatric symptoms like e.g. apathy, 

depression, disorientation, paranoia and aggressiveness, as well as motor symptoms, such as 

stiffness, reduced mobility and impaired responsiveness. A patient with far advanced AD often 

suffers from such serious cognitive and motor symptoms that the ability to care for oneself and 

handle situations of everyday life is impossible. This disease thus not only impairs the quality 

of life for people suffering from AD, but also for their families (www. bioartic.se/Alzheimer’s 

disease).  

 

In 1906, neuropathological changes in AD was first described by Dr. Alois Alzheimer after he 

performed an autopsy on one of his patients Auguste Deter. He observed dramatic shrinkage of 

the brain, presence of intracellular neurofibrillary tangles (NFTs), and extracellular plaques. 

The NFTs were later shown to be twisted fibers of the tau protein, while the plaques were shown 

to be dense deposits of Ab peptides  (Hardy, 2006; Stelzmann et al., 1995). The pathological 

changes in Alzheimer’s disease seems to be very complex, with several factors involved in the 

neuronal dysfunction and death. Several hypothesis have been proposed and include the 

amyloid cascade hypothesis, tau hypothesis, oxidative stress hypothesis and inflammation 

hypothesis (Liu et al., 2017). Although there is no consensus on AD aetiology, the amyloid 

cascade hypothesis is the most accepted hypothesis to explain the origin of this 

neurodegenerative process in AD.  

 

The amyloid cascade hypothesis states that increased production or aggregation of Ab is 

thought to be a critical trigger in the AD pathogenesis (Hardy & Selkoe, 2002; Selkoe & Hardy, 

2016). The neurotoxic Ab peptides are generated from the sequential cleavage of the amyloid 

precursor protein (APP). Ab peptides of different lengths have been detected, however, the 
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most common peptides are Ab40 and Ab42 (Asami-Odaka et al., 1995). Compared to Ab40, 

Ab42 is more prone to aggregate. Once formed the Ab monomers can assemble into different 

forms, such as oligomers, protofibrils and mature fibrils that build up the plaques (Finder & 

Glockshuber., 2007). According to the amyloid cascade hypothesis, Ab aggregates disrupt cell-

cell communication, activate immune cells that triggers inflammation and ultimately kill cells 

(Hardy & Higgins, 1992; Hardy & Selkoe, 2002; Selkoe, 1991). There are several evidences 

which supports the amyloid cascade hypothesis, first Down syndrome patients, carrying three 

copies of chromosome 21 where the APP gene is located, develop AD in their middle age. 

Second mutations in APP or in the PS1 or PS2 (Presenilin 1 and presenilin 2) subunit of the g-

secretase complex, involved in APP processing, can cause early onset forms of familial AD 

(EO-FAD). These mutations have been shown to increase the production or accumulation of 

Ab42 (Bertram & Tanzi, 2004) and mice expressing these human genes with FAD-linked 

mutations develop plaques and suffer from memory disruption (Duyckaerts et al., 2008). 

However, EO-FAD only accounts for around 5% of all AD cases and in fact, 90-95% of all AD 

cases are late onset AD (LOAD), which is not associated with a specific genetic mutations, but 

is rather believed to arise due to a combination of different genetic, environmental and life style 

factors. One main risk factor is age and other genetic risk factors  that may lead to LOAD 

include CD33, CLU, CR1, PICALM, BIN1, ABCA7, CD2AP,ATXN1 and APOE. These genes 

were identified by genome-wide association studies (GWAS) and their role in AD pathogenesis 

can be divided into three categories: Ab clearance, lipid metabolism, innate immunity and 

cellular signaling (Naj & Schellenberg., 2017; Tanzi., 2012). The most well studied genetic risk 

factor for LOAD is the E4 allele of the apolipoprotein E (ApoE) gene (Awada., 2015). Human 

ApoE exist as three major alleles e2, e3 and e4, and people with one or two copies of e4 allele 

have a higher risk of developing AD later in life (Corder et al., 1994; Liu et al., 2013). 

Ab accumulation and plaques can also be observed in LOAD patients and ApoE4 has shown to 

increase Ab peptide aggregation and impair Ab clearance in the brain (Kanekiyo et al., 2014). 

So altered APP processing and Ab likely also play a role in LOAD. However, in comparison 

to LOAD, EO-FAD cases show a greater density of amyloid plaques and a more diffuse 

distribution pattern (Tellechea et al., 2018).  

 

At present, there are no available drugs that can cure or prevent the progression of the disease, 

only symptomatic treatments are currently available on the market. Therefore, it is important to 

understand the molecular pathways by which various pathological alterations compromise 
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neuronal function and integrity so that new treatments could be developed in the future. The 

goal of this thesis was to understand different factors that may influence the processing of APP 

and regulate the subcellular localization of the APP interacting adaptor protein Fe65, which has 

been proposed to be an important factor in AD pathogenesis. 

 

1.2 The Amyloid-b Precursor Protein (APP) 
 
As indicated by its name APP is the precursor protein to the Ab peptide. APP is a type 1 integral 

transmembrane protein with multiple functional domains. There are three major isoforms of 

APP, APP695, APP751 and APP770. The APP751 and APP770 isoforms are mainly expressed 

in non-neuronal cells, in the brain astrocytes and endothelial cells, whereas APP695 is 

predominantly expressed in neuronal cells (Forloni et al., 1992; Mattson et al., 1997; Ponte et 

al., 1988). The expression of APP695 is increased during neuronal differentiation (Hung et al., 

1992).  

 
Fig 1: Schematic illustration of the domain structure of APP and APP family proteins. Adapted from (Coburger 

et al., 2013). 

 

APP also has two homologous proteins called  APP like protein 1 (APLP1) and APP like protein 

2 (APLP2) (Kant & Goldstein., 2015) (Fig 1). All APP family member proteins are type1 

integral transmembrane proteins and have a large extracellular N-terminal ectodomain and a 

short cytoplasmic domain. The ectodomain in turn can be divided into several subdomains. 

Most N-terminally there is an E1 domain, which can be further subdivided into a heparin 

binding/growth factor like domain (HBLD/GFLD) and a copper/zinc binding domain 
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(CuBD/ZnBD). The E1 domain is followed by an acidic domain (AcD), rich in aspartate and 

glutamate residues, and an E2 domain. The E2 domain contains a second heparin binding 

domain and a RERMS motif, which is implicated in trophic functions (Coburger et al., 2013a). 

In APP770 and APP771 a Kunitz protease inhibitor KPI domain is present between the acidic 

and E2 domains, however, this KPI region is not found in APP695. The short cytoplasmic 

domain of APP contains a YENPTY motif, which is conserved in all APP homologous proteins, 

and contributes to APP internalization and also APP interaction with adaptor proteins, such as 

Fe65 (Borg et al., 1996a; Zheng & Koo., 2011). The APP family proteins can all undergo 

proteolysis like APP, however Ab is only generated from APP and not from APLP1 or APLP2. 

 

1.2.1 APP Trafficking  
 
After synthesis of APP in the endoplasmic reticulum (ER), the N-terminal signal peptide is 

removed and the protein trafficks through the ER- Golgi intermediate compartment, to the 

Golgi apparatus, trans-Golgi network (TGN) and plasma membrane. A large fraction of APP is 

localized to the Golgi and TGN and only approximately 10 % of APP has been estimated to be 

present at the cell surface (Wang et al., 2017). Due to the YENPTY motif in the cytoplasmic 

domain of APP, APP that is not cleaved at the cell surface is rapidly internalized and delivered 

to endosomes (Thinakaran & Koo., 2008). Some of the internalized APP can then undergo 

lysosomal degradation, whereas some of the endocytosed APP can be recycled back to the cell 

surface (Haass et al., 1992). APLP2 undergoes similar trafficking, whereas APLP1 has been 

shown to be present at the cell surface to a much higher degree (Kaden et al., 2009).  

 

APP is trafficked anterogradely along peripheral and central axons in neurons (Buxbaum et al., 

1998; Kaether et al., 2000; Koo et al., 1990; Sisodia et al., 1993). Axonal transport of APP is 

facilitated by direct binding to the kinesin light chain subunit of kinesin 1 (Kamal et al., 2000). 

C-terminal fragments of APP, containing the entire Ab domain, accumulate at synaptic sites 

(Buxbaum et al., 1998) and APP processing resulting in Ab release at nerve terminals in the 

CNS has been shown to occur (Lazarov et al., 2002; Sheng et al., 2002). 

 

1.2.2 Proteolytic processing of APP  
 
The processing of APP is complex and involves several different enzymes and their specific 

cleavage sites (reviewed in (Müller et al., 2017)). The proteolytic cleavage of APP can be 
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divided into two different canonical pathways, the amyloidogenic and the non-amyloidogenic 

pathway (reviewed in (Thinakaran & Koo., 2008b). Both pathways result in the production of 

several APP fragments (Fig 2).  

 
Fig 2: Schematic illustration of canonical processing of APP. Adapted from (Pajdk et al., 2016). 

 

In the amyloidogenic pathway, APP is first cleaved by b-secretase at the N-terminal of the Ab 

sequence, which leads to secretion of a large N-terminal ectodomain called sAPPb and a 

remaining C-terminal fragment (CTF) of 99 amino acids called C99 or CTFb. This C99-CTF 

is then further processed by g-secretase, generating Ab and a soluble APP intracellular domain 

(AICD) (Lichtenthaler et al., 2011; Raychaudhuri & Mukhopadhyay., 2007). In the non-

amyloidogenic pathway, formation of Ab is precluded since APP is initially cleaved by a-

secretase within the Ab sequence. The a-secretase cleavage leads to the release of a N-terminal 

ectodomain, sAPPa, from the cell surface and  a CTF of 83 amino acids (C83), which is further 

cleaved by g-secretase generating the small peptide p3 and AICD (Bozyczko-Coyne & 

Williams., 2007; Esch et al.,1990; Sisodia et al., 1990). The a- and b- secretases have been 

proposed to compete with each other for APP as a substrate (Bandyopadhyay et al., 2007; 

Postina et al., 2004). In cultured cells and animal models of AD, enhanced a-secretase activity 

can significantly lower Ab generation (Nitsch et al., 1992; Postina et al., 2004). The a- 

secretase is believed to be the main APP processing enzyme at the plasma membrane and is 

considered to be constitutively active at the cell surface (Strooper & Annaert., 2000). On the 

other hand, b-secretase processing of APP is considered to mainly occur in endosomes 

(Kinoshita et al., 2003; Robert Vassar et al., 1999a). In the TGN, a-secretase activity can be 

regulated by protein kinase C (PKC) and a-secretase is believed to compete with b-secretase 

in this location (Skovronsky et al., 2000).  
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In addition to the two major canonical processing pathways described above, APP can also 

undergo non-canonical proteolysis by alternative secretases yielding various N-terminal and C-

terminal fragments. These alternative pathways are known as the d-, e-, Meprin- (Fig 3) and 

caspase pathways, respectively (U. C. Müller & Deller, 2017). The work described in this thesis 

focuses on processing of APP by the non-amyloidogenic and Meprin pathways.   

 
Fig 3 : Schematic Illustration of non-canonical processing of APP by Meprinb. Adapted from (Müller et al., 2017). 

 

1.3 APP processing enzymes 
 
As mentioned earlier, APP is processed by different secretase enzymes resulting in various APP 

fragments. Here we take a closer look at the a-, b-, g- and Meprinb secretases. 

 

1.3.1 a-secretase enzymes 
 
The a-secretase cleavage of APP occurs within the Ab domain, more specifically at the Lys613-

Leu614 bond (Roberts et al., 1994) and thus precludes the formation of Ab. An increase in a-

secretase cleavage of APP is considered to be a therapeutic approach for AD.  

 

Studies using zinc metalloprotease inhibitors, identified ADAMs (A disintegrin and 

metalloprotease) as putative a-secretases (reviewed in (Asai et al., 2003). ADAMs are type 1 

integral membrane proteins with a multidomain structure. These domains include a signal 

peptide, a pro-domain, a catalytic metalloprotease domain, a disintegrin/cysteine-rich domain, 

a transmembrane domain and a short cytoplasmic domain (Howard et al., 2000). The ADAM 
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proteases are activated by a cysteine switch mechanism, in which the pro-domain is cleaved 

off. Three members of the ADAM family ADAM9, ADAM10 and ADAM17 have been 

suggested as a-secretases (Buxbaum et al., 1998; Koike et al., 1999; Lammich et al., 1999; 

Slack et al., 2001). However, in neurons ADAM10 is believed to be the main a-secretase 

involved in constitutive cleavage of APP (Jorissen et al., 2010; P. H. Kuhn et al., 2010), whereas 

ADAM17 was shown to cleave APP upon PMA (Phorbol 12-myristate 13-acetate) stimulation 

(Buxbaum et al., 1998).  

ADAM10 is synthesized as an inactive enzyme in the endoplasmic reticulum and then matures 

in the late Golgi compartment (Anders et al., 2001). Mature ADAM10 is generated by the 

removal of the pro-domain by proprotein convertases 7 (PC7) or  furin (Anders et al., 2001; 

Lopez-Perez et al., 2001). In mammals ADAM10 is ubiquitously expressed and overexpression 

of this protease in transgenic mice expressing APP with a FAD mutation results in increased 

a-secretase processing and sAPPa secretion, as well as reduced b-secretase processing and Ab 

peptide and plaque formation (Postina et al., 2004). Evidence suggests that reduction of 

ADAM10 expression or activity is linked to AD pathology. The mRNA levels of ADAM10 are 

lowered in moderate to severe AD (Marcinkiewicz & Seidah, 2000) and reduced a-secretase 

activity was observed in temporal cortex homogenates from AD patients (Tyler et al., 2002). 

Besides APP, ADAM10 has several other substrates and is important for various cellular 

functions, such as cell migration (Kohutek et al., 2009), proliferation (Gough et al., 2004; 

Schramme et al., 2008; Schulte et al., 2007) and cell signaling (Tian et al., 2008).  

ADAM17, also known as TACE (Tumor necrosis factor -a converting enzyme)) is most known 

for its ability to shed the Tumor necrosis factor a (TNFa), a cytokine involved in the 

inflammatory response. Similar to ADAM10, the prodomain of ADAM17 is also cleaved by 

furin, a pro-protein convertase, in the trans-Golgi network (Schlöndorff et al.,  2000). APP 

shedding has been shown to be upregulated in ADAM17 overexpressed HEK293 cells (Slack 

et al., 2001). The role of ADAM17 in shedding of APP was further confirmed when increased 

expression of ADAM17 and sAPPa generation were observed in the neocortex of rat brains 

upon hypoxia induction (Rybnikova et al., 2012).  

 

1.3.2 b-secretase enzymes 
 
The b-secretase was first identified as an aspartyl protease that cleaves APP at the Met597-Asp598 

bond (Citron et al., 1995) at the N-terminus of the Ab sequence. Later BACE1 was found to be 
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the major b-secretase in vivo, but a homologue BACE2 was also identified (Sun et al., 2006).  

BACE 1 is detected in neurons and microglia, whereas BACE2 is expressed predominantly in 

astrocytes, reviewed in (Frost & Li, 2017). Studies have shown that BACE2 can not compensate 

for the lack of BACE1 in knockout mice, since no detectable levels of Ab was found, suggesting 

that BACE1 is the main b-secretase enzyme, reviewed in (Frost & Li, 2017). However, BACE1 

and BACE2 exhibit 64 % similarity, so BACE2 might also function as a b-secretase (Vassar & 

Kandalepas., 2011), but might not be able to compensate for BACE1 in regards to Ab 

generation  in neurons, as it is not expressed to a high level in neurons.  

 

BACE1 is a type 1 integral transmembrane protein initially synthesized in the ER as an 

immature precursor protein. The mature BACE1 is generated by the removal of the pro-domain 

by furin or the furin-like protease (Bennett et al., 2000). BACE1 also undergoes extensive post-

translational modifications, such as phosphorylation and glycosylation, during its maturation. 

BACE1 is N-glycosylated at multiple sites in the catalytic domain, and this has been 

demonstrated to be essential for the enzymatic activity (Fischer et al., 2002). APP and BACE1 

interact and co-traffic through the secretory pathway to the cell surface and can also co-

internalize into early endosomes (Kinoshita et al., 2003). BACE1 has an acidic pH optimum 

and localizes within the lumen of acidic intracellular compartments, such as endosomes and the 

trans-Golgi network (Koo and Sqazzo.,1994.; Haass et al., 1995). Hence, most b-secretase 

cleavage of APP is believed to occur after internalization of APP. 

 

Recent studies have shown that BACE1 protein levels and activity are elevated approximately 

twofold in AD brains, reviewed in (Vassar et al., 2009). Since BACE1 cleavage of APP is the 

rate limiting step in Ab generation (Vassar et al., 1999), the inhibition of BACE1 would block 

the production of Ab and could prevent the development of Ab associated pathologies in AD. 

So BACE1 has been considered a prime drug target for lowering cerebral Ab levels in AD. 

However, in addition to APP, BACE1 is involved in the processing of numerous other 

transmembrane proteins, including neuregulin-1 (Hu et al., 2016), voltage-gated sodium 

channels (Wong et al., 2005), P-selectin glycoprotein ligand 1 (Lichtenthaler et al., 2003), type 

II a 2,6 siayltransferase (Kitazume et al., 2003) and interleukin-1 receptor type II (P. H. Kuhn 

et al., 2007). Inhibition of BACE1 would thus also block proper cleavage of these substrates 

and could impede the normal physiological functions of these transmembrane proteins. 

Therefore, even though inhibiting BACE1 is the suitable therapeutic target, there are number 
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of caveats associated with this inhibition (Vassar & Cole., 2008). Various studies have observed 

that BACE1-/- mice exhibit smaller postnatal size and compromised survival, memory deficits 

and axon guidance defects among other complex neurological defects (Vassar., 2019). In fact, 

several clinical trials with BACE inhibitors have failed to show benefit in patients with early or 

advanced AD, reviewed in (Panza et al., 2019). Studies indicate that prolonged treatment with 

BACE1 inhibitors may have negative effects on spine formation, bone density, hippocampal 

long-term potentiation and cognition in wild-type mice (reviewed in (Panza et al., 2019).    

 

1.3.3 The g-secretase enzyme 
 
The g-secretase is a membrane bound aspartyl protease and multiprotein complex that cleaves 

APP stepwise within the transmembrane domain. The complex is composed of four subunits; a 

Presenilin (PS1 or PS2), nicastrin (NCT), anterior pharynx defective-1 (APH-1) and presenilin 

enhancer 2 (PEN-2) (Kimberly et al., 2003). PS forms the catalytic subunit of the g-secretase 

(Dang et al., 2015), whereas the other three subunits are important for assembly, maturation 

and stability of the complex (LaVoie et al., 2003; Li et al., 2014).  

 

Presenilins contain 9 transmembrane regions and two conserved aspartate residues one in TM6 

(Asp257 in PS1 and Asp263 in PS2) and one in TM7 (Asp385 in PS1 and Asp366 in PS2), forms 

the core of the catalytic site (Kimberly et al., 2000; Steiner et al., 1999; Wolfe et al., 1999). 

Both Presenilins undergo endoproteolysis within the cytoplasmic loop between the 6th and 7th 

transmembrane region, generating an amino terminal fragment and a carboxy-terminal 

fragment, and this is required to get an active PS enzyme (Fukumori et al., 2010). Mature, 

proteolytically active g-secretase is mainly localized at the plasma membrane and in the 

endosomal/lysosomal system (Dries & Yu., 2008). The cleavage of APP by g-secretase can 

occur in all places, from the Golgi apparatus to the cell membrane and endocytic vesicles 

(Annaert et al., 1999; Hartmann et al., 1997; Runz et al., 2002; Xia et al., 1997).  

 

The g-secretase plays an important role in Ab peptide generation and AD pathology, so 

inhibitors and modulators of g-secretase have been considered as AD therapeutics. However, 

this strategy has shown to be challenging because of the enzyme’s wide range of substrates. 

Besides APP, g-secretase has more than 90 identified substrates, including Notch, N-cadherin 

and ephrin B (Haapasalo & Kovacs., 2011). Indeed, due to the abundance of substrates that 
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have been identified, the g-secretase complex has been called “the proteasome of the 

membrane”, for review see (Haapasalo & Kovacs, 2011). As most of the substrates are type 1 

transmembrane proteins that are initially cleaved in the ectodomain by another protease 

reviewed in (McCarthy et al., 2009), a major function of g-secretase is likely to clear out the 

membrane protein stubs formed after the ectodomain shedding of these substrates. In addition 

to a membrane protein stub clearance function, this protease also plays an important role in cell 

signaling pathways. One of the most significant is the signaling from the Notch family of 

receptors (Selkoe & Kopan., 2003; Woo et al., 2009). Similar to APP, Notch also undergoes 

regulated membrane proteolysis and this leads to the release of the Notch intracellular domain 

(NICD). This NICD translocates to the nucleus and interacts with different transcription factors 

that control the expression of genes involved in cell differentiation. This signaling pathway 

from Notch receptors have been implicated in numerous developmental and homeostatic 

processes (Andersson et al., 2011). Clinical trials have shown that using g-secretase inhibitors 

to treat AD results in significant side effects (Imbimbo & Giardina., 2011), possibly due to the 

interference of cleavage of Notch. 

 
1.3.4 Meprinβ 
 
Meprins are zinc dependent metalloprotease that belong to the astacin family/metzincin family. 

They are phylogenetically related to matrix metalloproteases (MMP) and ADAM proteases 

(Broder & Becker-Pauly., 2013). There are two different Meprins; Meprina and Meprinb, both 

share structural and domain similarities, except that Meprina has an inserted domain which is 

not present in Meprinb. The inserted domain in Meprina is cleaved by furin and is released 

from the membrane (Arnold et al., 2017). We will take a closer look at Meprinb since that is 

more relevant to our work. 

 

Meprinb is strongly expressed in the intestinal epithelium, in kidney proximal tubular cells and  

to a minor extent in several other tissues, e.g. skin, certain immune cells and the brain (Becker-

Pauly & Pietrzik., 2016; Broder & Becker-Pauly., 2013). Similar to ADAM10 this protease is 

synthesized as an inactive zymogen in the ER and have a multidomain structure. Domains 

include a pro-peptide, an astacin-like protease domain (CAT), a Meprin A5 protein tyrosine 

phosphatase u (MAM) domain, a TRAF (tumor-necrosis factor receptor associated factor) 

domain, an epidermal growth factor (EGF) domain, a transmembrane domain and a short 

cytoplasmic domain. The MAM and TRAF domains both mediate protein-protein interactions.  
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Meprinb can cleave APP at two positions in the ectodomain, as well as close to the BACE1 

cleavage site (Schönherr et al., 2016). Meprinb cleavage of APP thus results in release of an 11 

and a 20 kDa N-terminal APP fragment (instead of sAPPα or sAPPβ generated by canonical 

cleavage pathways) and a CTF of 1-2 amino acids shorter than C99. Cleavage of this CTF, 

known as C99* or C99 like CTF or CTFβ*, by g-secretase generates truncated Ab peptides 

(Aβ2-40), which are more prone to aggregate and suggested to have a seeding effect on full-

length Aβ variants (Becker-Pauly & Pietrzik, 2017; Schönherr et al., 2016). Matriptase 2 (MT-

2), a type 2 transmembrane protein, has been shown to activate Meprinb at the cell surface 

(Jäckle et al., 2015). Meprinb activation by MT-2 resulted in increased shedding of APP and 

subsequently decreased α-secretase processing of APP and sAPPa generation (Becker-Pauly & 

Pietrzik, 2016), Meprinb and α-secretase thus appear to compete for APP at the cell surface. 

Studies have found elevated levels of Meprinb mRNA and protein in AD brains (Bien et al., 

2012; Medoro et al., 2019; Schlenzig et al., 2018). Taken together this suggest that Meprinb 

could act as an alternative b-secretase and increased processing of APP by this protease could 

contribute to AD pathology. This is further supported by the fact that Meprinb expression was 

sufficient to generate Ab in BACE1/2 knockout fibroblasts (Bien et al., 2012; García-González 

et al., 2019). 

 

Besides processing APP, Meprinb is involved in the regulation of collagen assembly, 

production of pro-inflammatory cytokines, including interleukin-1ß (IL-1ß), interleukin-18 (IL-

18) and IL-6 in macrophages. The importance of Meprinb is reflected by the fact that Meprinb-

/- mice shows severe impairments of the skin connective tissue, characterized by reduced tensile 

strength and decreased collagen deposition (Broder & Becker-Pauly., 2013). Interestingly 

ADAM10 has been shown to cleave and thereby release a soluble still active form of Meprinb 

from the cell surface, so Meprinb can basically exist as both a membrane-bound and a soluble 

protein. However, APP and also some other substrates, like IL-6R, can only be cleaved by 

membrane bound Meprinb, whereas soluble Meprinb is important for the proteolytic processing 

of the mucus protein mucin 2 (Muc2) (Schütte et al., 2014). Moreover, Meprinb can also be 

regulated by calcium and the activity is decreased in the presence of increasing calcium 

concentrations. This is likely due to the fact that the negatively charged amino acids which 

forms the calcium binding site in Meprinb are in close proximity to the active site and also 

contribute to the correct folding of the protease (Arnold et al., 2015). The inhibition constant 
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of calcium is 11mM and this concentration resembles the concentration in the endoplasmic 

reticulum, but not the concentration at the cell surface, which is approximately 2.5mM. 

Therefore, this may suggest that Meprinb might not be active in the ER, but might get activated 

during trafficking to the cell surface due to the decrease in calcium concentration. In the 

neurodegenerative disease amyotrophic lateral sclerosis, a loss of calcium in the ER have been 

suggested to cause misfolding of calcium-dependent proteins, such as Meprinb. Calcium 

dysregulation has also been shown to occur in AD (Wang et al., 2017) and a reduction of ER 

calcium could contribute to more Meprinb mediated APP cleavage, generation of truncated Ab 

peptides and AD pathology.  

 

1.4 Functions of APP and APP derived Fragments  
 
APP has been mainly studied in relation to AD pathology, but there are several physiological 

functions that have been suggested in both the adult and the developing nervous system, such 

as neuronal migration, cell adhesion, axonal transport, dendritic outgrowth, synapse formation 

and learning and memory (Sosa et al., 2017). The functions of APP may be mediated by the 

full-length protein and/or also by secreted and intracellular APP fragments generated upon APP 

cleavage by the various secretases. 

 

1.4.1 Full-length APP 
 

Full-length APP participates in cell-adhesion through direct contacts with extracellular matrix 

molecules, such as laminin and heparin sulphate proteoglycans. To further study the in-vivo 

functions of APP, APP KO mice were generated. These mice were viable with minor defects, 

such as reduced grip strength, as well as increased copper levels in the cerebral cortex and liver 

(U. Müller et al., 1994). Furthermore, constitutive KO of APP in mice was shown to lead to an 

age related deficit in synaptic plasticity, mainly in long term potentiation (LTP) (Dawson et al., 

1999; Seabrook et al., 1999) .  

 

1.4.2 sAPPa 
 
The a-secretase released ectodomain sAPPa has several neuroprotective properties. 

Pretreatment with sAPPa was for instance shown to prevent neuronal death in human cortical 

cell cultures which were deprived of glucose or exposed to excitotoxins (Mattson et al., 1993). 



 21 

sAPPa has also shown to protect against Ab toxicity (Obregon et al., 2012). Moreover it has 

been shown that most of the deficits caused by APP knockout in mice, such as defects in spine 

density, LTP and spatial learning, could be rescued by sAPPa, indicating that sAPPa influences 

synaptic transmission and neuronal plasticity (Ring et al., 2007). Recently, GABABR1a was 

identified as a synaptic receptor for sAPPa and it was revealed that the extension domain (ExD) 

present in sAPPa directly binds to the sushi1 domain of the gamma-aminobutyric acid (GABA) 

receptor subunit GABABR1a with high affinity (Rice et al., 2019). The ExD is located in-

between E1 domain and the acidic domain (AcD) (Coburger et al., 2013a). The AcD region of 

APP695 also had high affinity for the sushi domain 1, but when two functional domains ExD-

AcD were examined separately, only ExD was found to bind sushi1 and not AcD (Rice et 

al.,2019). Recently, sAPPa was also suggested to exert its role in LTP enhancement via 

nicotinic acetylcholine receptors consisting of a7 subunits (a7-nAchRs)(Richter et al., 2018).  

 

1.4.3 sAPPb 
 
The b-secretase released ectodomain sAPPb shares the same sequence as sAPPa, except that 

the last 16 C-terminal amino acids of sAPPa are not included in sAPPb. The lack of these 16 

amino acids  however, have a big impact as sAPPb, unlike sAPPa, cannot rescue any of the 

detectable deficits in synaptic plasticity and spine density observed in APP/APLP2 knock-out 

mice (Richter et al., 2018). Instead, sAPPb has been shown to decrease cell adhesion and 

increase axonal outgrowth (Chasseigneaux et al., 2011). sAPPb also induces a rapid neural 

differentiation of human embryonic stem cells, even more efficiently than sAPPa (Freude et 

al., 2011). Furthermore, sAPPb can bind to the death receptor 6 (DR6) and trigger apoptotic 

cell death of peripheral neurons upon deprivation of growth factors (Chasseigneaux & 

Allinquant, 2012).  

 

1.4.4 Ab and p3 
 
The γ-secretase cleavage of C99-CTFs can give rise to Ab peptides of various length. As 

mentioned before these peptides are believed to be neurotoxic and contribute to AD pathology. 

Ab peptides can be generated in non-neural tissues, for instance these peptides can be secreted 

from skeletal muscle and intestinal epithelium cells, reviewed in (Brothers et al.,  2018). In the 

brain, astrocytes and neurons can produce Ab (Puig & Combs., 2013). Soluble forms of Ab 
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peptides are secreted into the extracellular space of the brain and then cleared by the 

cerebrospinal fluid (CSF) and vascular system, reviewed in (Brothers et al.,  2018). However, 

these soluble Ab peptides can also bind together to form oligomers, which are cleared more 

slowly from the brain, or aggregate further to form insoluble Ab plaques. Oligomeric and 

smaller insoluble forms of Ab aggregates, are believed to be the actual neurotoxic forms, 

directly contributing to AD pathogenesis. Recent studies suggest that Ab aggregates is able to 

exacerbate tau pathology by promoting phosphorylation and aggregation of tau proteins (Shin 

et al., 2019). The amyloid and tau pathologies in turn cause irreversible synaptic damage and 

neuronal dysfunction in brain regions responsible for learning and memory. Apart from playing 

a neurotoxic role in AD pathology, Ab peptides may also serve some important physiological 

functions. Ab for instance has been shown to have antibacterial, antifungal and antiviral 

properties, and could play a role in protecting the brain against microbial infections. Ab is also 

capable of inhibiting tumor cell growth (Morley et al., 2019), and could be  involved in sealing 

leaks in the blood-brain barrier by binding to blood-brain barrier solutes and forming a plug 

that prevents the spread of neuroactive and toxic components into the brain (Brothers et al., 

2018). Picomolar concentrations of Ab has shown to enhance synaptic plasticity, learning and 

memory in mice (Morley et al., 2010). This effect of Ab on plasticity and memory was likely 

due to the activation of nicotinic acetylcholine receptors and an increase in the release of the 

neurotransmitter acetylcholine (Morley et al., 2010; Puzzo et al., 2011). However, prolonged 

exposure along with tolerance may lead to reduced effects of Ab, reviewed in (Morley et al., 

2019). 

 

The p3 peptide, which is generated instead of Ab after g-cleavage in the non-amyloidogenic 

pathway, differs from Ab by 16 amino acids. The p3 peptide may represent a benign form of 

amyloid, since it lacks domains that are associated with activation and recruitment of glia to 

senile plaques (Dulin et al., 2008). But studies have also suggested that p3 could exhibit certain 

toxicity by inducing apoptosis in cultured cells, although at a lower potency than Ab42 (Wei et 

al., 2002). Overall, the physiological functions of p3 are still unclear and remain to a large 

extent to be explored. 
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1.4.5 AICD 
 
The AICD, which can be generated by g-secretase cleavage of both the a- and b-generated 

APP CTF, can via its YENPTY motif interact with different proteins and is involved in the 

gene transcriptional regulation (Nhan et al., 2015; Pardossi-Piquard & Checler., 2012). 

Functions of AICD are discussed in detail together with Fe65 in section 1.6 and 1.7.   

 

1.5 APP posttranslational modifications 
 
In addition to proteolytic processing, APP can undergo many different types of posttranslational 

modifications (PTMs), such as glycosylation, palmitoylation, ubiquitination and 

phosphorylation, during its translocation from the ER to the plasma membrane or at the plasma 

membrane or other compartments. Understanding, how/when these modifications on APP 

occur and their role is important, as they could regulate the processing of APP and/or the 

functions of APP and APP fragments. For this thesis the most important modification is  

phosphorylation, and its role in APP processing will hence be further discussed here.  

 

1.5.1 APP phosphorylation  
 
APP undergoes phosphorylation in both the cytoplasmic and extracellular domains, reviewed 

in (Zhang et al., 2020). Phosphorylation of the intracellular C-terminal of APP has been shown 

to be significant for the binding of cytosolic interacting proteins, subcellular trafficking and 

processing of APP. There are eight potential phosphorylation sites in the intracellular domain 

of APP: Tyr653, Thr654, Ser655, Thr668, Ser675, Tyr682, Thr686, and Tyr687. Studies have shown that 

seven of these eight residues (all but Thr654) are phosphorylated in  brains of AD patients (Lee 

et al., 2003a), suggesting that altered phosphorylation of APP could play a  role in AD 

pathology. Among these different phosphorylation sites, phosphorylation of APP at Thr668, 

within the 667VTPEER672 domain, has gained tremendous interest due to its prevalence in AD 

and the pronounced effect that it has on APP cleavage (Suzuki & Nakaya., 2008). APP-Thr668 

phosphorylation was for instance shown to be increased  in the hippocampus of AD patients 

(Chang et al., 2006). The CDC2 (cell division cycle protein 2 homolog) kinase was the first 

kinase shown to phosphorylate APP-Thr668, and do so in a cell cycle – dependent manner (Oishi 

et al., 1997).  Afterwards, several additional kinases able to phosphorylate the Thr668 residue, 

including glycogen-synthesis kinase-3b (GSK-3b) (Aplin et al., 1996), cyclin-dependent kinase 
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5 (CDK5) (Iijima et al., 2000), extracellular signal-regulated kinase 1(ERK-1) (Sodhi et al., 

2008) and c-jun N-terminal kinase (JNK) (Scheinfeld et al., 2003; Standen et al., 2001; Taru et 

al., 2002) were also identified. Thr668 phosphorylation leads to a conformational change in the 

cytoplasmic domain, including the 681YENPTY687 motif, of APP. This structural change may 

act as a conformational switch in the cytoplasmic tail of APP, thereby altering the binding, 

specificity and affinity of the APP cytoplasmic tail to different cytosolic interacting proteins, 

reviewed in (Chang et al., 2006). APP phosphorylated on Thr668 was shown to be enriched in 

endocytic compartments and colocalized with the b-site APP cleaving enzyme BACE1 (Lee et 

al., 2003). Consistent with this, one study found that APP-Thr668 phosphorylation enhances b-

secretase cleavage and increases Ab production (Lee et al., 2003b). However, another study of 

brains from APP-T668A mutant mice did not show any appreciable alterations in the levels of 

Ab (Sano et al., 2006). This suggests that APP-Thr668 phosphorylation may not play a 

significant role in governing the physiological generation of Ab in brain (Zhang et al., 2020).  

 

Thr654 and Ser655 have been shown to be phosphorylated not only in AD brain but also in healthy 

rat brain and cultured cells (Isohara et al., 1999; Oishi et al., 1997). These two residues lies 

within the APP 653YTSI656 motif, which function as a basolateral sorting signal and by 

interacting with this domain PAT1, a microtubule- interacting protein, regulates the basolateral 

sorting of APP (Zheng et al., 1998). Studies have shown that Ser655 phosphorylation enhances 

APP secretory trafficking and increases production of sAPPa (Vieira et al., 2009). This serine 

residue can be phosphorylated by several kinases, including Protein kinase C (PKC), 

Ca2+/calmodulin-dependent protein kinase II (CaMKII) and Rho-associated coiled-coil kinase 

1 (ROCK1), reviewed in (Zhang et al., 2020). Phosphorylation of Ser655 by ROCK promotes 

the amyloidogenic processing of APP and elevated levels of ROCK1 has been reported in 

patients with mild cognitive impairment (MCI) and AD (Henderson et al., 2016). However, in 

AD transgenic mice, ROCK1 inhibition was found to attenuate the accumulation of Ab and 

improve AD pathology (Henderson et al., 2016). Due to these contradictory results, the direct 

impact of Ser655 phosphorylation on APP processing still remains unclear.  

 

The 682YENPTY687 motif in APP has shown to  exert an important role in regulating trafficking 

and metabolism of APP (La Rosa et al., 2015; Perez et al., 1999; Thinakaran & Koo.,  2008). 

The non-receptor tyrosine kinases, Ab1 and Src, as well as the tropomysin receptor kinase A 

(TrkA) has been demonstrated to phosphorylate the Tyr682 residue (Matrone et al., 2011; Tarr 
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et al., 2002). Tyr682 phosphorylation is associated with either enhanced binding of proteins such 

as growth factor receptor 2 (Grb2) and Src homology collagen-like protein (Shc) (Tarr et al., 

2002) or abolishes binding of the adaptor protein Fe65 to APP (Borg et al., 1996; Zambrano et 

al., 1997). In APP-Y682G knock-in mouse brain, an increase in a-secretase cleavage of APP, 

leading to increased levels of sAPPa and decreased levels of Ab, was observed (Barbagallo et 

al., 2010). The Tyr687 within the same motif has also been found to be phosphorylated in AD 

brains (Lee et al., 2003b). Phosphorylation and dephosphorylation of Tyr687 residue has shown 

to affect the subcellular localization of APP. While phosphorylation of Tyr687 targets APP to 

the membrane and reduces the generation of Ab in neurons, dephosphorylation of this residue 

lead to APP endocytosis and increased  b-secretase cleavage of APP (Rebelo et al., 2007). In 

accordance with these results, an APP-Y687A non-phosphorylated mutant significantly reduced 

the levels of APP at the cell surface and generated less APP-C83 CTFs when compared with 

APPwt (Takahashi et al., 2008).  

 

Lastly, Ser675 is another residue that has also been shown to be phosphorylated in the brains of 

AD patients. Recently, it was reported that the Polo-like kinase 2 (PlK2) can phosphorylate 

both Thr668 and Ser675 in APP (Lee et al., 2017). However, besides this study, the consequences 

of Ser675 phosphorylation have not been investigated and one aim of this thesis was therefore 

to investigate the effect of this phosphorylation on APP processing. 

 

1.6 Interaction of APP with other Proteins 
 
APP, can bind to several adaptor proteins through the C-terminal domain, and this binding is 

important in regulating APP endocytosis and proteolytic cleavage. These adaptor proteins, 

including Fe65, X11/Munc-18 interacting proteins (Mints), JIP-1, Dab1, Shc, Grb2, 

Numb/Numb1 and Gulp1/CED-6, have been shown to interact with the YENPTY motif in the 

intracellular domain of APP, reviewed in (Jacobsen & Iverfeldt, 2009). The YENPTY motif is 

not only conserved between APP family members, but also between APP proteins of different 

species, from C.elegans to humans. This motif plays an important role in the internalization, as 

well as processing of APP. Studies have shown that deletion of the APP cytoplasmic domain 

impairs internalization of cell surface APP and decreases Ab secretion, by precluding APP 

processing in endosomes/lysosomes (Essalmani et al., 1996; LeBlanc & Gambetti., 1994; Wei 

et al., 1994).  
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The two most studied adaptor proteins are Fe65 and X11. X11, also known as Munc-interacting 

protein (Mint), interacts with the YENPTY motif of APP through its phospho-tyrosine binding 

(PTB) domain (Borg et al., 1996b). The X11 family of proteins have been shown to play an 

important role in neuronal synaptic functions (Ho et al., 2003). X11 has been shown to form a 

tripartite complex with APP and the type1 TM protein Alcadein (Araki et al., 2003), which 

raises the possibility that X11 might function in recruiting other proteins to APP. 

Overexpression of X11 has shown to decrease Ab production and APP processing, possibly by 

stabilizing APP (Saito et al., 2011). Studies have shown that increasing the expression of human 

X11a in human APPswe double transgenic mice significantly decreases the Ab40 brain 

homeogenate levels and rescues age-dependent amyloid plaque deposition in brain, when 

compared to age-matched human APPswe transgenic control mice (Lee et al., 2003).  

Increasing the understanding of the Fe65 adaptor protein has been a main focus of this thesis 

and therefore this protein is described in more detail in a separate section below. 

 

1.7 The APP adaptor protein : Fe65  
 
Fe65 was the first identified APP interacting adaptor protein and is suggested to play a role in  

AD pathogenesis (Fiore et al., 1995; Guénette et al., 2006).  

 

 
Fig 4 : Schematic illustration of different domain structure of Fe65. Adapted from (McLoughlin & Miller, 2008). 

 

Fe65 belongs to a family of proteins, also including Fe65-like 1 (FE65L1) and Fe65-like 2 

(Fe65L2), encoded by separate genes on chromosomes 11, 4 and 5, respectively (Blanco et al., 

1998; Bressler et al., 1996; Tanahashi & Tabira, 1999). Fe65 expression is enriched in the brain, 

whereas both Fe65L1 and Fe65L2 are more ubiquitously expressed (Bressler et al., 1996; 

Guénette et al., 2006; Tanahashi & Tabira., 1999).  All of the Fe65 family proteins bind to APP, 

however while Fe65 and Fe65L2 also interact with the other APP family members APLP1 and 

APLP2 (Duilio et al., 1998; Guénette et al., 1996; Tanahashi & Tabira., 1999; Walsh et al., 

2003), Fe65L1 interacts with APLP2, but not with APLP1 (Guénette et al., 1996). Structurally, 

all Fe65 members  possesses three protein domains,  an N-terminal WW domain and two C-

terminal phosphotyrosine-binding (PTB) domains, which mediate interaction with other 
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proteins (Meiyappan et al., 2007; Radzimanowski et al., 2008) (Fig 4). The size of the full-

length Fe65 protein is 97 kDa and is denoted as p97Fe65. Full-length Fe65 can undergo 

proteolysis upstream of the WW domain and this results in a 65 kDa C-terminal fragment 

(p65FE65). In C.elegans, FeH-1, the only Fe65 orthologue gene present is required for survival 

in late embryogenesis or at the first larval stage (Zambrano et al., 2002). In p97Fe65-/- mice, 

strong deficits in hippocampus-dependent learning and memory was observed, suggesting Fe65 

dysregulation could be involved in AD pathology (Wang et al., 2004). In contrast, Fe65-/-

/Fe65L1-/- double knockout mice had a more severe phenotype with increased neonatal 

mortality and abnormal circling behaviour (McLoughlin & Miller, 2008b). Interestingly, 

similar neurodevelopmental abnormalities have been described for triple APP:APLP1:APLP2 

knockout mice (Bergmans et al., 2010). Therefore, it is possible that APPs and Fe65s together 

play a significant role in neurodevelopmental signalling pathways.  

 

1.7.1 Fe65 functions are dependent on Fe65’s ability to interact with other 
proteins and is influenced by Fe65 phosphorylation  

 
Fe65 by itself or together with APP has been implicated in a number of functions, including 

cytoskeleton remodelling, cell movement, gene expression regulation and DNA repair, 

reviewed in (Bórquez & González-Billault, 2012). Fe65’s ability to interact with other proteins 

and perform various functions can be regulated by post-translational modifications (Fig 5).  

 

 
Fig 5: Schematic illustration of Fe65 and its interaction with other proteins through different domains present in 
Fe65. Adapted from (Szumiel & Foray, 2011). 
 
 
1.7.1.1 The role of Fe65 in cytoskeleton remodelling and cell movement 
 
Besides APP, Fe65 can also interact with Mammalian diasbled-1 (Mena) through its WW 

domain (Ermekova et al., 1997). Mena belongs to a small family of proteins that are involved 

in cell motility and adhesion (Gurzu et al., 2013). Mena is located in areas of dynamic actin 

remodelling, such as lamellipodia and growth cones, and has been shown to interact with actin-

binding protein such as profilin. Fe65 and APP are both present in dynamic adhesion complexes 
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present on the surface of the cells and their overexpression has shown to cause the acceleration 

of cell migration (Sabo et al., 2001). Therefore, it was suggested that an APP/Fe65/Mena 

complex could be involved in the regulation of cell movement. This was further supported by 

observations that indicate that Fe65 and APP are present in actin rich mobile structures of 

growth cones and synapses (Sabo et al., 2003). Moreover, Fe65/Fe65L1 double knockout mice 

and Mena/VASP/EVL triple knockout mice show similar impairment in neuronal positioning 

and in the establishment of normal axonal projections (Guénette et al., 2006), confirming the 

possible role of Fe65 in this function. 

 

1.7.1.2 Fe65 involved in the regulation of gene transcription  
 

Fe65 is also present in the nucleus and the Fe65-APP interaction regulates nuclear translocation 

of Fe65 (Minopoli et al., 2001). Other studies have shown results which indicate that different 

transcription factors or cofactors could be recruited to gene promoters in association with Fe65. 

Fe65 has for instance, via the PTB1 domain has been shown to interact with the transcription 

factor CP2/LSF/LBP1, and affect the regulation of the thymidylate synthase gene (Bruni et al., 

2002). Interestingly, a non-coding polymorphism in the CP2/LSF/LBP-1 gene is associated 

with sporadic AD (Lambert et al., 2000). Fe65 can also interact with the nucleosome assembly 

factor (SET) and TeaShirt, which recruits histone deacetylases, producing a gene-silencing 

complex. The Fe65/SET/TeaShirt complex can interact directly with the promoter region of the 

CASP4 gene (Perez et al., 1999), which encodes for a protease that is implicated in the 

progression of AD.  

 

While binding of Fe65 to full-length APP has been shown to sequester Fe65 in the cytoplasm 

(Minopoli et al., 2001), the APP intracellular domain AICD, which can be generated by g-

secretase cleavage of C83 or C99 CTFs, can form a trimeric complex with Fe65 and the 

acetyltransferase Tip60 and translocates to the nucleus. This complexes is called the AFTs 

(APP/Fe65/Tip60) complex and has transcriptional activity. Several genes, involved in 

development and differentiation have been suggested to be direct targets of AICD-Fe65, 

including APP, BACE1, Tip60, KAI1, LRP, Neprilysin and stathmin1 (Baek et al., 2002; T. 

Müller et al., 2013; von Rotz et al., 2004). Fe65 -Tyr547 has been shown to be phosphorylated 

by the c-Abl kinase and phosphorylation of Tyr547 stimulates the AICD/FE65 transcriptional 

activity (Perkinton et al., 2004). So one possibility could be that Tyr547 phosphorylation could 

transform Fe65 into a transcriptionally active confirmation that can then be recruited by 
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membrane-bound APP and upon g-secretase release of AICD, the Fe65-AICD can then 

translocate into the nucleus.  

 

1.7.1.3 Role of Fe65 in the cellular response to DNA damage   
 
The presence of Fe65 in the nucleus and its association with Tip60 has not only been implicated 

in  gene regulation, but also in the repair of DNA damage (Stante et al., 2009). The first evidence 

linking Fe65 to DNA repair, came from studies showing that Fe65 null cells had increased 

sensitivity to DNA-damaging agents. Low doses of etoposide or H202 induced higher levels of 

DNA damage and accumulation of g-H2AX (phosphorylated Histone 2A, a DNA damage 

marker) in Fe65 KO mouse embryo fibroblasts (MEFs), when compared to wild-type mouse 

embryo fibroblasts. Irradiated Fe65 knockout mice also showed a similar accumulation of g-

H2AX (Minopoli et al., 2007). Interestingly, H2AX is phosphorylated by the ataxia-

telangiectasia mutated (ATM) kinase (Burma et al.,  2001), which has also been shown to 

phosphorylate Fe65 at Ser228 and Ser289 upon IR and UV induced damage. Moreover, the Fe65-

Ser228 phosphorylation by ATM or ATM- and Rad3-related (ATR) kinases,  inhibit Fe65-AICD 

mediated gene transcription (Jowsey & Blain., 2015). Interestingly, Ser228 is adjacent to the  

WW domain and could influence the interactions between the Fe65 WW domain and other 

proteins such as Mena, c-AbI and the nucleosome assembly factor SET. Fe65-Ser289 is 

phosphorylated by ATM, rather than ATR, but this phosphorylation does not affect the 

transcriptional activity of the  Fe65-AICD complex (Langlands et al., 2016). The molecular 

mechanisms by which Fe65 contributes to DNA damage repair in the nucleus are not 

completely understood. However, Fe65 KO has been shown to hamper the recruitment of Tip60 

to DNA strand breaks and in turn the acetylation of histone H4 (Stante et al., 2009). It might be 

possible that Fe65 functions as a scaffold protein at the DNA damage site and mediates the 

recruitment of other essential proteins, like Tip60, required for DNA repair.   

 

1.7.1.4 Fe65 as a regulator of APP processing  
 
How Fe65 could  influence the processing of APP is important to understand as APP fragments, 

including sAPPa and Ab, have impact on neuronal survival and death. The effect of the Fe65 

protein on APP processing have however proved difficult to elucidate, due to contradictory 

results.  
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Fe65, via its PTB2 domain, binds to the YENPTY motif of APP, and, it is possible that binding 

of Fe65 to APP may influence APP endocytosis and thereby could alter the level of APP 

cleavage by BACE1 in endosomes. Consistent with this there are reports which indicate that 

Ab production is increased by Fe65 overexpression (Sabo et al., 1999) and reduced by Fe65 

knockdown (Xie et al., 2007). However,  other studies show that Fe65 increases APP processing 

by a-secretase, thereby resulting in increased levels of sAPPa and decreased Ab production 

(Ando et al., 2001). It has been proposed that these contradictory observations could partly be 

because of  differences in the Fe65 phosphorylation status (McLoughlin & Miller., 2008). One 

phosphorylation in Fe65 that could play a role in this situation is Thr579 phosphorylation by 

GSK3b. Fe65 can interact with the GSK3b kinase through the WW domain (Lau et al., 2008) 

and phosphorylation of Fe65-Thr579 by GSK3b suppresses Fe65 PTB2 intermolecular 

dimerization and enhances APP-Fe65 complex formation (Lee et al., 2017). In addition, this 

phosphorylation potentiates b-g- secretase mediated APP processing and Ab liberation (Lee et 

al., 2017). Moreover, phosphorylation of Fe65 at Ser610, which is located in the interaction 

interface of APP/Fe65 (Chow et al., 2015), could also be relevant. Phosphorylation of this 

residue by serine and glucocorticoid regulated kinase 1 (SGK-1) attenuates the interaction 

between Fe65 and APP, as well as abolishes the effect of Fe65 on Ab generation by enhancing 

APP degradation via proteasomes (Lau et al., 2019).  

 

The different observed effects of Fe65 on APP processing, could also be dependent on the 

availability of other proteins that could form tripartite complexes with full-length APP and 

Fe65. For instance, via the PTB1 domain Fe65 can also bind to the membrane protein 

lipoprotein receptor-related protein (LRP) and a trimeric complex of APP/Fe65/LRP can be 

formed (Mulvihill et al., 2011). The level of LRP has been shown to influence the effect of 

Fe65 on APP processing and the APP-Fe65-LRP complex can regulate the generation of 

sAPPa and Ab (Pietrzik et al., 2004). Hence taken together, all these findings indicate that 

Fe65, through its interactions with other proteins and/or due to its phosphorylation status, might 

impact APP proteolytic processing differently. 
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2 Methodological considerations 
 
 
The general aspects of some key methods will be discussed below. More detailed description 

of the methods used in this thesis can be found in the materials and methods sections of each 

paper.  

 
2.1 Cell Lines 
 
We have used two different cell lines SH-SY5Y and SK-N-AS cells throughout this thesis.   

 
2.1.1 SH-SY5Y cells  
 
The human neuroblastoma SH-SY5Y cell line is a third generation clone originating from SK-

N-SH cells (Biedler & Schachner.,1978). SH-SY5Y cells have endogenous expression of 

APP695 and other APP family members (Beckman & Iverfeldt., 1997). When treated with 

retinoic acid (RA) or PMA, SH-SY5Y cells can be differentiated into a more neuronal 

phenotype with neurite extensions (Påhlman et al., 1984).  

 
2.1.2 SK-N-AS cells 
 
SK-N-AS cells are human neuroblastoma cells derived from the bone marrow of an eight year 

old girl (Biedler & Schachner., 1978). The cancer cells had metastasized from the adrenal 

glands to the bone marrow. These cells do not exhibit neuronal properties and do not express 

detectable levels of APP695 (Acosta et al., 2009).  

 

2.2 Cell treatments  
 
During this work, we have used several pharmacological inhibitors to study the effect of APP 

or Fe65 phosphorylation on APP processing. These inhibitors were used in combination with / 

without RA or PMA to study different processes in undifferentiated or differentiated SH-SY5Y 

cells, respectively.  
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2.2.1 Pharmacological Inhibitors 
 
In this thesis, key pharmacological inhibitors used include the g-secretase inhibitor DAPT and 

metalloprotease inhibitors like Batimastat (BB94) and GI254023X. 

 

DAPT (Difluorophenylacetyl-alanyl-phenylglycin-t-butyl-ester) is a widely used inhibitor of 

the g-secretase complex and prevent cleavage of several g-secretase substrates such as Notch, 

APP, E-cadherin, LDL receptor-related protein and ErbB4 (Han & Shen., 2012). DAPT binds 

to the C-terminal fragment of PS in the g-secretase complex (Hur et al., 2016). DAPT is useful 

in the study of APP processing since it inhibits the cleavage of C83/C99 fragments that are 

formed after a- or b-secretase cleavage of APP, respectively. These C-terminal fragments are 

usually rapidly cleaved and cannot be easily detected without g-secretase inhibition.  

 

GI254023X is a potent and selective inhibitor of the ADAM10 metalloproteinase, the major a-

secretase. This inhibition has over 100-fold selectivity for ADAM10, when compared to the 

other a-secretase ADAM17 (Ludwig et al., 2005). This hydroxamate based inhibitor mediates 

its inhibitory potential by chelating the Zn2+ of the protease active site, thereby inhibiting the 

action of the a-secretase.  

 

Batimastat (BB-94) is a potent broad-spectrum matrix metalloproteinase (MMP) inhibitor, and 

inhibits not only ADAM10, but also the other a-secretases ADAM9 and ADAM17/TACE 

(Maretzky et al., 2017). In addition, the alternative b-secretase, Meprinb, which is also a 

metalloprotease, has also been reported to be blocked by this inhibitor (M. N. Kruse et al., 

2004). Batimastat is an anticancer drug and belongs to the family of drugs called angiogenesis 

inhibitors (Rothenberg et al., 1999). Batimastat has a low molecular weight and is comprised 

of a peptide backbone and a hydroxamic acid group. The inhibitor binds to MMPs through 

coordination with the catalytically active zinc atom (Kruse et al., 2004; Leriche et al., 2016).  

 

2.2.2 RA and PMA  
 
RA is the most commonly implemented and best-characterized method for induction of 

differentiation in SH-SY5Y cells. RA is a vitamin A derivative shown to be essential in the 

development and differentiation of the nervous system (Lotan et al., 1996; Melino et al., 1997). 

RA treatment promotes survival of SH-SY5Y cells through activation of the 
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phosphatidylinositol 3-kinase/Akt  (PI3K/AKT) signalling pathway and upregulation of the 

anti-apoptotic Bcl-2 protein (Itano et al., 2002; López-Carballo et al., 2002). In response to RA 

treatment, SH-SY5Y cells differentiate primarily to a cholinergic neuronal phenotype, 

evidenced by increased expression of choline acetyl transferase (ChAT) and vesicular 

monoamine transporter (VMAT) proteins (Lopes et al., 2010; Presgraves et la., 2003). In SH-

SY5Y cells, RA co-administered with additional agents such as PMA induces increased 

expression of dopaminergic markers such as the tyrosine hydroxylase (TH) and the dopamine 

transporter (DAT). RA induced differentiation of SH-SY5Y cells has been shown to 

significantly increase the expression of APP and its processing enzymes (Beckman & Iverfeldt., 

1997; Holback., 2008; Holback., 2005).  

 

In addition to RA-induced differentiation, PMA has also been shown to induce differentiation 

in SH-SY5Y cells. PMA induced differentiation of SH-SY5Y cells increases the cellular 

noradrenaline content up to 200-fold, thereby producing a predominantly adrenergic cellular 

phenotype reviewed in (Kovalevich & Langford, 2013). PMA is structurally similar to 

diacylglycerol (DAG) and is a specific activator of PKC. PMA induced differentiation of SH-

SY5Y cells has been shown to enhance a-secretase cleavage of APP and secretion of 

neuroprotective sAPPa (Chen & Fernandez., 2004).  

 
2.3 Tandem Affinity Purification (TAP)-tag method 
 
The TAP-tag method is a two-step purification protocol used for native purification of specific 

protein complexes. Under standard conditions, the TAP-tag method allows high yield and fast 

purification of protein complexes (O. Puig et al., 2001). The purified complexes can be used 

for the identification, functional or structural studies of proteins. In our case, we have used the 

Tap-tag method to study the interaction between APP and the adaptor protein Fe65. The TAP-

tag method involves the fusion of a TAP-tag to the target protein and then this construct is 

introduced into the host cell. In our case we introduced a Tap-tag at the C-terminus of Fe65. 

The TAP-tag consists of an IgG binding domain (Prot A) and a calmodulin binding peptide 

(CBP) separated by a TEV (tobacco etch virus) protease cleavage site (O. Puig et al., 2001). 

The TAP-tagged protein (and all binding partner proteins) is then purified by binding of the 

protein A domain to an IgG resin. The pulled-down protein complex is then eluted using TEV 

protease cleavage and a second purification step, where calmodulin coated beads, in the 

presence of calcium, is used can then be performed. The calmodulin bound protein complexes 
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are then released with EGTA. However, in our studies, we have only utilized the first 

purification step and directly analysed the TEV eluted proteins.  

 

2.4 siRNA gene silencing  
 
siRNAs, as the name suggests, are small RNA sequences which interfere with the expression 

of a specific gene. siRNAs are 20-25 nucleotide long double-stranded RNA molecules that are 

designed specifically to target messenger RNA (mRNA) for degradation. The degradation of 

the targeted mRNA effectively knocks-down the expression of the corresponding protein. The 

reduced levels of the target protein then can be verified using western blot. In the cells, siRNA 

incorporates into the RNA-induced silencing complex (RISC). Within this RISC complex, the 

dsRNAs undergo strand separation and the antisense strand hybridizes to the 

complimentary/target mRNA in the cell. Nucleases within the activated RISC complex then 

degrade the targeted mRNA, which cannot be translated into protein. The protein therefore 

cannot be expressed resulting in the knock-down of the protein.  

 

2.5 Alkaline phosphatase treatment  
 

Alkaline phosphatase (AP) catalyzes the release of 5’ and 3’ phosphate groups from DNA, 

RNA and nucleotides, but can also be used for dephosphorylation of proteins. If 

phosphorylation of a protein results in altered migration of the protein during SDS-PAGE, 

treating part of a protein extract with AP and then comparing the migration of the protein of 

interest between untreated and AP treated samples by SDS-PAGE and western blot can be used 

to confirm if the protein of interest is phosphorylated or not.  

 

2.6 Different methods to study the localization of proteins  
 
The localization of proteins are important because it provides the physiological context for their 

function. We have used three different methods to study the subcellular localization of APP and 

or Fe65. In addition, we have also analysed secretion of APP fragments from cells. The methods 

used for these analyses are discussed below.  
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2.6.1 Cellular fractionation  
 
To study the nuclear localization of Fe65, subcellular fractionations where the cytoplasmic and 

nuclear protein fractions are separated was performed. For this the cells were first re-suspended 

in hypotonic buffer and incubated on ice. NP-40 was then added to the cell-suspension and 

vortexed to lyse the plasma membrane. The homogenate was then centrifuged to obtain the 

supernatant, which is the cytoplasmic fraction, and a pellet, which consists of the cell nuclei. 

The nuclei were then lysed using a high salt buffer containing Triton X-100, and following 

centrifugation, the supernatant containing nuclear proteins was collected. The nuclear and 

cytoplasmic fractions were then mixed with sodium dodecyl sulphate (SDS) sample buffer and 

analysed by western blot. The cell fractionation – western blot approach allows for easy 

quantification of protein levels in the different compartments, however, care need to be taken 

to not risk cross-contamination.  

 

2.6.2 Immunoflurosence (IF)  
 
Immunofluoresence (IF) is a technique used primarily on biological samples and is defined as 

a procedure to assess the endogenous protein levels and localization (Shakes et al., 2012). The 

biological samples can include tissue sections and cultured cell lines. This technique make use 

of antibodies to label a specific target protein. There are two different IF assays; direct IF and 

indirect IF. In direct IF, a single primary antibody directed against the protein of interest and 

directly conjugated to a fluorophore is used. In indirect IF, two antibodies are used, one 

unconjugated primary antibody detecting the target of interest and a fluorophore conjugated 

secondary antibody, which is directed against the primary antibody. The fluorophore on either 

the primary or the secondary antibody enables visualization of the target distribution in the 

sample under a fluorescent microscope. In our papers, we could detect TAP-tagged Fe65 by 

using only a secondary antibody conjugated to a fluorophore, as the TAP-tag contains a protein 

A domain that can be recognized by the secondary antibody. The IF method is useful for directly 

visualizing the subcellular localization of proteins, but at the same time this method is  

susceptible to variation in intensity between stainings.  

 

In our study, we used both cell fractionation and immunofluorescence to study Fe65 

localization. Evidence through two different and independent methods gives stronger 

conclusions rather than focussing on one method.  
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2.6.3 Biotinylation Assay  
 
The cell surface levels of APP can be quantified using a biotinylation assay. In the assay we 

used (Pierce cell surface protein isolation kit, Thermo scientific) Sulfo-NHS-SS biotin, a cell 

impermeable cleavable biotinylation reagent that labels primary amines of proteins exposed at 

the surface of intact cells. After labelling of the cell surface proteins with biotin, the cells are 

lysed and biotin-labelled proteins are isolated based on their selective binding to streptavidin 

conjugated to agarose beads. The streptavidin bound biotin-labelled proteins are then released 

either by dithiothreitol (DTT) reduction of the disulphide bond, or by the addition of sample 

buffer followed by boiling. The level of different proteins, APP in our case, at the cell-surface 

can then be analyzed by western blot.  

 

2.6.4 Secreted Proteins 
 
To study the secretion of APP fragments from cells, conditioned medium from SH-SY5Y and 

SK-N-AS cells was harvested and supplemented with complete protease inhibitor (CPI) 

cocktail (Roche). The medium samples were then centrifuged at 13000xg for 30 mins to remove 

cellular debris. The samples were then mixed with SDS sample buffer and analysed by western 

blot.  
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3 Aim of the study 
 
 
 
 
The amyloid-b precursor protein (APP) is believed to be a key player in AD pathogenesis. 

However, despite over a century of research still much remains to be understood about the 

mechanisms underlying APP functions and processing. A malfunction in one or several 

mechanisms that regulate the processing of APP could contribute to AD not only by decreasing 

the production of neuroprotective sAPPa, but also by increasing the generation of neurotoxic 

Ab. Therefore, the major focus of this thesis was to study different factors that may be involved 

in the regulation of APP processing, but also to learn more about the APP interacting adaptor 

protein Fe65.   

 

The more specific aims of this thesis were to:  

 

• Investigate if/how phosphorylation of APP at the Ser675 residue affects APP 

processing (Paper I) 

• Study whether altering the level of the APP-Fe65 interaction can influence the APP 

processing (Paper III). 

• Determine the role of different Fe65 domains in nuclear localization of Fe65 (Paper 

II).  

• Determine the role of phosphorylation, particularly at Ser228, in Fe65 nuclear 

localization (Paper II, III).   

• Investigate if/how a-secretase processing affects Fe65 nuclear localization in both 

undifferentiated (Paper II) and differentiated SH-SY5Y cells (Paper IV).  
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4 Results and Discussion 
 
4.1 Factors influencing the processing of the amyloid-beta precursor 

protein APP  
 
The first aim of this thesis was to study how different factors may influence the proteolytic fate 

of APP. We investigated the role of two different factors: Ser675 phosphorylation in APP and 

interaction between APP and the adaptor protein Fe65.  

 

4.1.1 APP-Ser675 phosphorylation promotes non-canonical processing of APP 
by Meprinb 

 

To investigate whether phosphorylation of Ser675 in the C-terminal intracellular domain of APP 

could influence APP processing, we expressed APPwt, dephosphomimicking APP-S675A and 

phosphomimicking APP-S675E mutants in SK-N-AS cells, which do not express endogenous 

APP695 (Acosta et al., 2009), and analyzed the levels of APP and different APP fragments. 

Even though all three full-length APP constructs were expressed to the same level, there was a 

significant decrease in the secretion of sAPPa and total sAPP from SK-N-AS cells 

overexpressing the phosphomutant APP-S675E (Paper I: Fig 1). This decrease was approx. 50% 

when compared to APPwt and the dephosphomimicking APP-S675A form. In APP-S675E cells 

a reduction of the C83-CTF, which was the predominant CTF in APP wt and APP-S675A cells, 

was also found (Paper I: Fig 1). Together this shows that APP- Ser675 phosphorylation leads to 

a decrease in a-secretase processing of APP. Reduced cell surface levels of APP could result 

in decreased a-secretase processing and sAPPa secretion, so using a biotinylation assay we 

next analyzed the cell membrane level of APP. To our surprise we found that there was no 

significant difference in the total level of APP at the cell surface when comparing APPwt, APP-

S675A and APP-S675E cells (Paper I: Fig 3). This indicates that the reduction of sAPPa secretion 

is not due to reduced APP levels at the cell surface. Interestingly, the decreased level of C83-

CTF in APP-S675E cells was accompanied by an increase of an alternative CTF with a size 

similar to BACE generated C99-CTF (Paper I: Fig 1). So overall no significant difference in 

the total level of CTFs could be observed between cells expressing the different APP constructs. 

However, there was a significant increase in the ratio between the two CTFs (C99 like CTF : 

C83) in the cells expressing the APP- S675E construct. So this suggests that APP could be more 
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processed by b-secretase enzymes in APP-S675E cells, however, neither of the canonical b-

secretases BACE1 (Paper I: Fig 2) or BACE2 (data not shown) could be detected in our cell 

model. In contrast, the recently identified alternative non-canonical b-secretase Meprinb could 

be detected (Paper I: Fig 2). Previous studies have shown that Meprinb processing of APP 

results in reduction of both sAPPa and total sAPP, as well as appearance of a C99 like CTF, 

matching exactly to what we could observe in APP-S675E cells (Bien et al., 2012; Jäckle et al., 

2015; Jefferson et al.,  2011; Schlenzig et al., 2018; Schönherr et al., 2016a). Hence, this 

suggests that phosphorylation of APP-Ser675 leads to increased Meprinb processing of APP. To 

confirm this, we next performed Meprinb knockdown in SK-N-AS cells overexpressing APPwt 

or APP-S675E. Meprinb siRNA treatment resulted in an approx. 40 % decrease in the Meprinb 

expression and a significant decrease in the generation of the alternative C99 like CTF in APP-

S675E cells (Paper I : Fig 5). Moreover, this knockdown returned the ratio between the two CTFs 

in the APP-S675E cells back towards the ratio that was observed in APPwt cells (Paper I: Fig 

5), without changing the total level of CTFs. These data thus suggest that increased Meprinb 

processing of APP is indeed responsible for the decrease in the sAPPa, total sAPP and 

generation of the alternative C99 like CTF in APP-S675E cells. To our knowledge, this is the 

first time APP phosphorylation has been linked to an altered balance between APP proteolysis 

by canonical and non-canonical secretases.   

 

Previous studies have shown that Meprinb and ADAM10 share a common fold of the catalytic 

domain and they both are activated by a cysteine switch mechanism (Van Wart & Birkedal-

Hansen, 1990). Meprinb has been shown to activate ADAM10 by a destabilizing cleavage in 

the pro-peptide of ADAM10, facilitating the release of the furin-cleaved pro-peptide from the 

catalytic domain (Jefferson et al., 2013). In turn, when ADAM10 is activated it contributes to 

the shedding of inactive Meprinb from the cell surface, possibly forming a feedback loop to 

control cell surface activity levels of these two metalloproteases (Herzog et al.,  2014; Wichert 

et al., 2017a). Inhibition of ADAM10 could thus also potentially impact the generation of the 

C99 like CTF by Meprinb, this by reducing Meprinb shedding, retaining higher levels of 

membrane bound Meprinb that upon activation could cleave APP. To reveal if ADAM10 had 

any effect on the APP-CTF bands generated upon mimicking phosphorylation, we investigated 

the levels of APP-CTFs in APP-S675E cells upon a-secretase inhibition. As expected, we found 

that Batimastat, which inhibits both a-secretases and Meprinb, resulted in reduction of both the 

C83-CTF and C99 like CTF in cells expressing all three APP constructs. Interestingly, we also 
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found that a selective ADAM10 inhibitor, also resulted in the reduction of both the CTFs in 

APP-S675E cells (Paper I: Fig 6). Hence, reducing ADAM10 mediated shedding of inactive 

Meprinb, does not appear to lead to increased levels of active membrane bound Meprinb that 

can cleave APP. In contrast, blocking ADAM10 in fact decreased the level of the alternative 

C99 like CTF, raising the concern that ADAM10 could be directly responsible for the 

generation of the alternative C99 like CTF in APP-S675E cells and the reason Meprinb 

knockdown results in a decrease of this alternative C99 like CTF is due to reduced Meprinb 

mediated activation of ADAM10. However, if this was the case then Meprinb knockdown 

should have also resulted in reduced levels of C83-CTF and a decrease in the total CTF levels 

in both APPwt and APP-S675E cells. But this was not the case. Previous studies show that in 

the presence of ADAM10 inhibitor, full-length membrane bound Meprinb can be released 

through microvesicles in HEK cells (Wichert et al., 2017). Wichert et al. suggested that this is 

a kind of protective mechanism, to avoid an overload of active Meprinb at the cell surface. 

Hence, it could be possible that upon ADAM10 inhibition, this protective mechanism might 

cause reduced Meprinb processing of APP and the reduced C99 like CTF levels in our APP-

S675E cells.  

 

So how exactly could phosphorylation at APP-Ser675 promote Meprinb cleavage of APP? One 

potential mechanism that could be investigated is whether the enhanced Meprinb cleavage upon 

APP-Ser675 phosphorylation involves an altered oligomerization status of APP. This as Meprinb 

is believed to have a higher activity for dimeric versus monomeric APP (Herr et al., 2017), and 

APP-Ser675 resides between two APP motifs, V667TPEER672 and Y682ENPTY687, known to 

mediate APP interaction with many intracellular proteins that could regulate APP dimerization. 

It could be possible that an increased dimerization of APP may somehow block the cleavage 

by ADAM10 and instead increase the proteolysis by Meprinb.  

 

Although BACE1 is clearly an important enzyme for Ab generation (Luo et al., 2001; Roberds, 

2001) Meprinb could also play an important role in AD pathology by generating truncated Ab 

peptides. These truncated peptides are more prone to aggregate, have been suggested to seed 

aggregation of BACE1 generated Ab peptides, and to localize to the core of plaques (Masters 

et al., 1985; Schönherr et al., 2016). A recent study showed that simultaneous phosphorylation 

of both Ser675 and Thr668 in APP resulted in increased APP internalization and promoted 

BACE1 mediated Ab production (Lee et al., 2017). Together with our data, this suggests that  
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APP-Ser675 phosphorylation alone or in combination with Thr668 phosphorylation could be an 

important regulator of APP processing. As increased levels of both Meprinb (Bien et al., 2012; 

Medoro et al., 2019; Schlenzig et al., 2018) and APP-Ser675 phosphorylation have been shown 

in AD brains (Lee et al., 2003), increased levels of different Ab peptides due to APP Ser675 

phosphorylation mediated alteration of APP processing could contribute to AD pathology. In 

addition, increased Meprinb processing of APP could also contribute to AD pathology by 

reducing the generation of neuroprotective sAPPa, as Meprinb processing results in generation 

of smaller N-terminal fragments instead of sAPPa. These fragments have been detected in 

mouse brains, as well as in the brains of healthy individuals and AD patients, but not in Meprinb 

knockout mice, which validates the role of Meprinb in the physiological processing of APP 

(Jefferson et al., 2011). However, the role of the N-terminal 11 and 20 kDa (N-APP) fragments 

generated by Meprinb is not at all clear, although they do not appear to induce any toxicity in 

neurons reviewed in (González et al., 2019). Reduced levels of sAPPa in CSF has been reported 

in AD patients (Fellgiebel et al., 2009; Olsson et al., 2003; Sennvik et al., 2000) and decreased 

a-secretase processing of APP is suggested to play an important role in AD pathogenesis. A 

recent study for instance has shown that sAPPa expression in the adult brain of conditional 

double knockout mice (cDKO) lacking both APP and APLP2 efficiently rescued deficits in 

spine density, synaptic plasticity and spatial reference memory, whereas sAPPb expression did 

not (Richter et al., 2018). Meprinb deletion in mice correlates with increased levels of sAPPa, 

which suggests in vivo competition between Meprinb and a-secretase for membrane-bound 

APP (Schönherr et al., 2016). This shows that overall Meprinb may behave as an APP 

processing enzyme with amyloidogenic features. However, much still remains to be learned 

about Meprinb processing of APP. Therefore, future studies not only addressing how 

proteolysis of phosphorylated APP-Ser675 by Meprinb is regulated, but also what the function 

of different Meprinb generated APP fragments are will be of importance. 

 

4.1.2 Enhanced interaction between APP and the adaptor protein Fe65 
influence APP processing  

 
The adaptor protein Fe65 has been shown to bind APP and suggested to regulate secretase 

mediated APP processing. However, it is still controversial if Fe65 promotes a- or b- secretase 

processing of APP. In paper II, we studied the role of Fe65-Ser228 in the Fe65-APP interaction 

and how an altered Fe65-APP interaction level can influence APP processing. Here, we utilized 
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the TAP-tag method to study the interaction between TAP-tagged Fe65-Ser228 mutants and 

wild-type APP. Two  Fe65-Ser228 mutants, Fe65-S228A (dephosphomimicking mutant) and 

Fe65-S228E (phosphomimicking mutant), were overexpressed in SK-N-AS cells together with 

APPwt and TAP-tag pull-down followed by western blot was performed to analyse the 

interaction level. Surprisingly, both Fe65-Ser228 mutations significantly increased the 

interaction with APPwt by approx. 100 % (Paper III: Figure 4). Previous studies suggest that 

Fe65 can adopt an inactive and closed confirmation in which the WW domain and the PTB2 

domain of Fe65 can interact (Cao & Südhof, 2004). It is possible that Fe65-Ser228, present in 

the N-terminal close to the WW domain, might lead to opening of the closed confirmation of 

Fe65 thereby allowing the Fe65 PTB2 domain, known to mediate the interaction with APP (as 

shown in paper II), to be more exposed and this could explain the enhanced APP interaction of 

the two Fe65-Ser228 mutants. Hence, phosphorylation of Fe65-Ser228 could play an important 

role in regulating the interaction between Fe65 and APP.  

 

We next wanted to study if the increased interaction between the Fe65-Ser228 mutants and APP 

influenced the proteolytic processing of APP. We found that even though the expression level 

of APPwt was similar in Fe65wt, Fe65-S228A and Fe65-S228E expressing SK-N-AS cells, a 

significant decrease in sAPPa secretion and APP-CTF generation, (Paper III: Fig 5) was 

observed in Fe65-Ser228 mutant cells when compared to the Fe65wt. Other studies have  shown 

that mutation at different residues in Fe65, such as Tyr579 and Ser610, that also results in 

increased interaction between Fe65 and APP can promote amyloidogenic processing of APP 

(Lau et al., 2019; Lee et al., 2017). Together with our results this suggests that increased 

interaction between Fe65 and APP, not only decreases non-amyloidogenic processing, but also 

increases amyloidogenic processing of APP. So how could the increased interaction between 

Fe65 and APP results in reduced a-secretase processing of APP? A first possibility could be 

that an increased interaction between Fe65 and APP result in reduced trafficking of APP to the 

cell surface, however this is not likely as Fe65 has been shown to promote APP trafficking to 

the cell surface (Guénette et al., 1999). A second possibility is that Fe65 could increase 

endocytosis of APP. Previous studies have shown that Fe65 mediates the interaction between 

APP and LRP1, and that LRP1 can increase endocytosis of APP, thereby resulting in increased 

levels of Ab, C99-CTF and sAPPb (Ulery et al., 2000). However in our experimental set up we 

could not detect any increase in the C99-CTF level indicative of increased BACE APP 

processing. However, we cannot rule out that the decreased a-secretase processing in our model 
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is due to increased endocytosis, as the SK-N-AS cells used do not have detectable levels of the 

b-secretases BACE1 (Menon et al., 2019) or BACE2 (data not shown). Therefore, an increased 

endocytosis of APP, might not result in the generation of Ab, sAPPb or C99-CTF in these cells. 

Interestingly, while studying the effect of APP-Ser675 phosphorylation on APP processing 

(paper I), we could also observe that both phosphomimicking (APP-S675E) and 

dephosphomimicking (APP-S675A) mutations of APP-Ser675 significantly increased the 

interaction between APP and Fe65 (data not shown), however only the APP-S675E 

phosphomimicking mutant resulted in less a-secretase cleavage and more Meprinb cleavage of 

APP. Moreover, the increased Fe65-APP interaction in these experiments was not associated 

with any alteration of the APP cell surface levels. This suggests that an increased Fe65-APP 

interaction can decrease the a-secretase cleavage of APP at the cell surface, but also suggests 

that the mechanism behind the increased Fe65-APP interaction can influence whether or not 

this increased interaction reduces the a-secretase cleavage of APP. There was no alteration in 

APP processing observed in APP-S675A cells, even though this APP form showed an increased 

level of Fe65 interaction. In the case of APP-S675E, we could show that the increased Fe65 

interaction was not only associated with decreased a-secretase, but also increased Meprinb 

cleavage of APP. Whether the increased APP-Fe65 interaction and decreased a-secretase 

cleavage of APP upon Fe65-Ser228 mutations may also promote Meprinb cleavage of APP still 

remains to determined. However, in our initial experiments we could not detect any increased 

expression of a Meprinb generated alternative C99 like CTF in Fe65-S228A/E cells, but it could 

be possible that the levels of this CTF is below the detection limit due to rapid degradation. So 

how could an increased Fe65-APP interaction decrease a-secretase cleavage with or without 

combination of increased Meprinb cleavage of APP? Full-length APP and a-secretases have 

been shown to localize outside lipid rafts (Hicks et al., 2012). In contrast, Meprinb has been 

shown to interact with tetraspanin 8 (Tspan8) and resides together with APP in tetraspanins 

enriched microdomains (TEMs) in the plasma membrane (Schmidt et al., 2016). The level of 

Fe65-APP interaction could affect APP processing by altering the targeting of APP to different 

cell membrane compartments, non-rafts versus tetraspanin domains. An increased APP-Fe65 

interaction could for instance lead to the recruitment of protein ”X”, that could target the APP-

Fe65 complex to raft domains including TEMs thus decreasing a-secretase cleavage and 

possibly increase Meprinb processing instead as shown in (Fig 6). The exact conformation of 

the Fe65-APP complex could influence the possibility to recruit this protein X and thus the re-

distribution of APP in the cell membrane. This could explain why an increased Fe65-APP 
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interaction in some (Ser228 mutations or APP-S675E), but not all (APP-S675A) cases result in 

altered APP processing.  

 
 

Fig 6: Schematic illustration of APP processing by different enzymes at the cell membrane. APP and a -secretases 

are mainly present in non-lipid raft areas of the plasma membrane. However, increased interaction between APP 

and Fe65 may lead to recruitment of protein X to APP/Fe65 complex, APP then can be re-distributed into 

tetraspanin domains in which Meprinb resides. This shift from the non-raft regions to the tetraspanin enriched 

domains (TEMs) could result in decreased a-secretase processing of APP. Adapted from (Hicks et al., 2012). 

 

4.2 Factors influencing Fe65 nuclear localization 
 
Nuclear localization of Fe65 has been shown to be important for Fe65/APP dependent 

transcriptional activity (Cao & Südhof, 2001). In order to better understand how Fe65 is 

regulated, we have investigated how specific domains and N-terminal phosphorylation of Fe65, 

as well as a-secretase processing, regulate Fe65 nuclear localization.  

 

4.2.1 The PTB2 domain is important for nuclear localization of Fe65 
 
In Paper II, we investigated if different domains of Fe65 could be involved in the regulation of 

Fe65 nuclear localization. Subcellular fractionation of SH-SY5Y cells revealed that 

endogenous Fe65 was present both in cytoplasm and nucleus (Paper II: Fig 1). We next 

investigated the localization of different TAP-tagged Fe65 constructs expressed in both SH-

SY5Y and SK-N-AS cells. The different TAP-tagged constructs included full-length Fe65 

(p97Fe65), N-terminal truncated Fe65 (lacking part of the WW domain (p60Fe65) (Cool et al., 

2010)), ΔWWFe65 (lacking the N-terminus including the whole WW domain) and ΔPTB2Fe65 

(lacking the C-terminus including the PTB2 domain). By comparing the TAP-tagged full-length 

Fe65 and endogenous Fe65, we found that the Tap-tag neither interfered with the nuclear 

localization of Fe65 nor the interaction between APP and Fe65 (Paper II : Fig 1). Moreover, 

TAP-tagged full-length Fe65 (p97Fe65), p60Fe65 and ΔWWFe65, was observed in the nuclear 
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fractions of both SH-SY5Y and SK-N-AS cells, whereas ΔPTB2Fe65 was not observed in the 

nuclear fractions of either cell line (Paper II: Fig 1), suggesting that the PTB2 domain is 

important for nuclear localization of Fe65. This was further confirmed with 

immunofluorescence studies in SK-N-AS cells (Paper II: Fig 2). In addition, to rule out the 

possibility that the large TAP-tag could be inhibiting the ΔPTB2Fe65 nuclear localization, we 

removed the TAP-tag from ΔWWFe65 and ΔPTB2Fe65 by introducing a STOP codon before 

the respective TAP-tag start. The TAP-tag removed ΔPTB2Fe65 construct was still excluded 

from the nuclear fractions, in contrast to the other TAP-tag removed p97FE65 and ΔWWFe65 

constructs (Paper II: Fig 1). These results confirm that the PTB2 domain plays an important 

role in Fe65 nuclear localization in both SH-SY5Y and SK-N-AS cells. Consistent with our 

results, deletion of 55 residues at the C-terminus of Fe65, containing the PTB2 domain, was 

also shown to result in a mainly cytosolic localization of Fe65 (Yang et al., 2006). Hence, the 

PTB2 domain rather than the previously implicated WW domain (Cao & Südhof, 2001), is 

important for Fe65 nuclear localization. Since Fe65 lacks a nuclear localization signal (NLS) 

and is believed to be too large for passive diffusion through the nuclear pores, the translocation 

of Fe65 to the nucleus likely also involves some additional protein. It has been proposed that 

Fe65 adopts a closed confirmation through intramolecular interactions between the WW and 

PTB2 domain, and that this closed form of Fe65 is transcriptionally inactive (Cao & Südhof, 

2004). APP has been shown to interact with the Fe65 PTB2 domain and after recruitment of 

TIP60 (harbours both nuclear localization and export signals) and APP processing, the 

AICD/Fe65/TIP60 complex may translocate to the nucleus and regulate gene expression. 

Therefore, when the PTB2 domain in Fe65 is deleted, formation of the APP/Fe65/TIP60 

complex might get disturbed and this may explain why we do not see ΔPTB2Fe65 nuclear 

localization in our cells. Another recent study suggests that the Fe65 PTB2 domain is a flexible 

module and is responsible for Fe65 dimer formation (Feilen et al., 2017). It could thus also be 

that PTB2 mediated dimerization of Fe65 might favour recruitment of an Fe65 interacting 

protein, other than APP, that harbours nuclear localization signals and could mediate Fe65 

nuclear localization. By deleting the PTB2 domain, Fe65 might no longer be able to form 

dimers and interact with the protein that may help in translocation of Fe65 to the nucleus.  

 

4.2.2 Fe65 N-terminal phosphorylation regulates Fe65 nuclear localization 

Protein phosphorylation is a common post translational modification that acts as a molecular 

switch for many signalling pathways. Multiple phosphorylation sites in Fe65 have been 
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reported and implicated in different cellular processes (Eun et al., 2008; Lau et al., 2008; 

Standen et al., 2003). In Paper II, we showed that N-terminal phosphorylation of Fe65 could 

play an important role in regulating the Fe65 nuclear translocation. Fe65 phosphorylation is 

known to induce an electrophoretic mobility shift when analyzed by western blot (Koistinen et 

al., 2017). Using cell fractionation and western blot we observed that endogenous Fe65 

migrates as two bands in the cytoplasmic fraction in undifferentiated SH-SY5Y cells, a faster 

migrating band of approx.100 kDa and a slower migrating band of size 105 kDa (Paper II: Fig 

1). Upon RA or PMA differentiation, the intensity of the upper 105 kDa band was increased 

(Paper IV: Fig 3), suggesting that differentiation leads to increased Fe65 phosphorylation. We 

next investigated which of the observed Fe65 bands that can be found in the nucleus. Therefore, 

both cytoplasmic and nuclear fractions were subjected to alkaline phosphatase (AP) treatment 

and analysed by western blot. Regardless of whether the cells were differentiated or not, Fe65, 

which migrated as two bands in the cytoplasmic fraction appeared as a single band in nuclear 

fractions with no effect of AP treatment (Paper II: Fig 3, Paper IV: Fig 2). Therefore, this 

indicates that phosphorylated Fe65 is preferentially localized in the cytoplasm of SH-SY5Y 

cells and that Fe65 phosphorylation could inhibit Fe65 from entering into the nucleus.  

To map the phosphorylation site, we analyzed the migration of the Tap-tagged Fe65 constructs 

(as previously described in section 4.2.1) and found that p97Fe65 and PTB2Fe65 migrated as 

two bands, whereas p60Fe65 and WWFe65 appeared as a single band in the cytoplasm (Paper 

II: Fig 3). Alkaline phosphatase treatment abolished the slower migrating bands of p97Fe65 

and DPTB2Fe65, whereas there was no effect on the bands corresponding to p60Fe65 and 

WWFe65. Therefore, the phosphorylation observed in the cytoplasm and causing the 

electrophoretic mobility shift of Fe65 occurs within the first 261 amino acids of the Fe65 N-

terminal. Previously, a mutational study showed that removal of the first 191 amino acids of 

the Fe65 N-terminal did not have any effect on the heterogeneity of Fe65 bands (Zambrano et 

al., 1998). However, in the same study deletion of the first 356 amino acids of the Fe65 N-

terminal, including the WW domain, did. Thus, together with our results, this indicates that the 

phosphorylation of Fe65 observed in the cytoplasm occurs within the amino acid sequence 192 

to 260. There are several putative phosphorylation sites within this amino acid sequence and 

interestingly, a previous study has shown that Ser228 phosphomimicking Fe65 mutants (S228D 

or S228E) inhibit APP-Fe65 mediated gene transcription, whereas a Fe65-S228A 

dephosphomimicking mutant showed an opposite effect (Jowsey & Blain, 2015a). This 
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suggests that phosphorylation of Fe65 at the Ser228 residue could contribute to the Fe65 

electrophoretic mobility shift and retaining of Fe65 in the cytoplasm.  

Therefore, in a follow up study (paper III), we used western blots to investigate the migration 

and nuclear localization of TAP-tagged Fe65 in which Ser228 had been mutated to 

dephosphomimicking mutant (Fe65-S228A) and a phosphomimicking mutant (Fe65-S228E). 

Consistent with our previous data, Fe65wt migrates as several bands on western blot (Paper III: 

Fig 1, Fig 2 and Fig 3). However, both the Fe65-Ser228 mutants migrated differently than 

Fe65wt, with the Fe65-S228A mutant migrating as two bands slightly shifted downwards 

indicating a faster migration. On the other hand, the Fe65-S228E mutant migrated as three bands 

slightly shifted upwards, compared to the Fe65wt bands. Hence, removal or incorporation of a 

negatively charged amino acid residue at Fe65-Ser228 can alter the electrophoretic mobility of 

Fe65. Consistent with our previous study (Koistinen et al., 2017), upon AP treatment, the slower 

migrating bands in both Fe65 wt and Fe65-S228A mutant expressing cells disappeared, resulting 

in a single band. However, in case of the Fe65-S228E mutant,  the slowest migrating band 

disappeared, but two bands at a slightly higher molecular weight compared to Fe65wt could 

still be observed after AP treatment (Paper III: Fig 3). This suggests that phosphorylation of 

Fe65 Ser228 could contribute to the Fe65 electromobility shift, though phosphorylation of 

additional residues in the Fe65 N-terminal also plays an important role. Using 

immunofluorescence and subcellular fractionation followed by western blot analysis, we could 

show that mimicking phosphorylation of Fe65-Ser228 did not exclude Fe65 nuclear localization 

in either SK-N-AS or SH-SY5Y cells (Paper III: Fig 1 and Fig 2), however,  a reduced nuclear 

level and Fe65 nucleo-cytoplasmic ratio was detected. Hence, phosphorylation of Fe65-Ser228 

may influence Fe65 nuclear localization, though other phosphorylation sites at the N-terminal 

part of Fe65 also likely play an important role in the regulation of Fe65 nuclear localization.  

 

4.2.3 a-secretase processing as a regulator of Fe65 nuclear localization 

Besides APP, Fe65 can also interact with several other transmembrane proteins that can 

undergo RIP (Koo et al., 2002). Previous studies have shown that AICD/Fe65 dependent 

transcription and nuclear localization occurs through the b-secretase pathway (Goodger et al., 

2009). However, in paper II, we found that a-secretase cleavage can also play a role in 

regulation of Fe65 nuclear localization in undifferentiated SH-SY5Y cells.  In fact, both the 

ADAM10 selective inhibitor (GI254023X) and the broad-spectrum metalloprotease inhibitor 
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Batimastat decreased the Fe65 nuclear level in undifferentiated SH-SY5Y cells to the same 

extent as the γ-secretase inhibitor DAPT, which block Fe65 nuclear entry dependent on both 

a-g and b−g RIP in undifferentiated SH-SY5Y cells (Paper II: Fig 4). Our results show that 

Fe65 nuclear localization in undifferentiated SH-SY5Y cells cannot only be regulated by b-

secretase, but also a-secretase cleavage of APP or other Fe65 interacting transmembrane 

proteins.  

In paper IV, we investigated if a-secretase processing could also regulate Fe65 nuclear 

localization in RA or PMA differentiated SH-SY5Y cells. Consistent with our findings in 

undifferentiated cells, we could again observe that broad a-secretase inhibition with Batimastat 

resulted in a similar inhibition of Fe65 nuclear localization as DAPT treatment in both RA and 

PMA differentiated cells (Paper IV: Fig 4). However, compared to undifferentiated cells, in 

which the ADAM10 specific inhibitor GI254023X could reduce the nuclear level of Fe65 to a 

similar degree as Batimastat (Koistinen et al., 2017), treatment with GI254023X decreased the 

Fe65 nuclear level to a much lower extent than Batimastat or DAPT in RA differentiated cells 

(Paper IV: Fig 4). Furthermore, the ADAM10 inhibitor had no effect on Fe65 nuclear 

localization at all in PMA differentiated cells (Paper IV: Fig 4). Since Batimastat had a more 

pronounced effect on the Fe65 nuclear level compared to the ADAM10 specific inhibitor, in 

differentiated cells, it is conceivable that other a-secretases besides ADAM10 play an 

important role in the a-secretase regulation of Fe65 nuclear localization upon differentiation. 

This is a bit surprising as ADAM10 was identified as the main a-secretase for APP in neurons 

(Jacobsen K et al., 2010; Kuhn et al., 2010). Moreover, RA has been shown to increase the 

expression of ADAM10 and ADAM17 (Holback et al., 2008; Prinzen et al., 2005), as well as 

the processing of APP by a-secretase in SH-SY5Y cells (Buxbaum et al., 1998; Holback et al., 

2005). However, previous studies have also shown that PMA can increase the ADAM17 

activity (Sahin et al., 2004), thereby stimulating APP processing (Buxbaum et al., 1998). So we 

next analysed whether the expression level of ADAM10 and ADAM17 was altered upon 

differentiation of our cell model. Consistent with previous studies, we could also detect an 

increased expression of ADAM10 and ADAM17 upon RA or PMA differentiation, though only 

the increase of ADAM17 expression upon PMA differentiation was statistically significant 

(Paper IV: Fig 5). This suggests that ADAM17 might play a more prominent role in the a-

secretase mediated Fe65 nuclear localization upon differentiation.  



 49 

So what is the role of a-secretase processing mediated nuclear translocation of Fe65 in different 

cellular functions of Fe65? We know that Fe65 is involved in DNA repair and gene transcription 

in the nucleus (Borquez and Gonzalez-Billault., 2012; Chow et al., 2015; Guenette et al., 2017). 

So could it be possible that Fe65 in an ”active” confirmation is released and translocate into the 

nucleus following a-g-secretase processing of APP? As mentioned earlier, only AICD 

generated from b-g secretase processing of APP has been suggested to translocate with Fe65 

into the nucleus and be transcriptionally active (Flammang et al., 2012; Goodger et al., 2009). 

So the a-secretase regulated nuclear Fe65 we observe, might rather be related to cleavage of 

other Fe65 interacting transmembrane proteins, like the APP family members APLP1 or APLP2 

(Bressler et al., 1996), LRP (Pietrzik et al., 2004), VLDLR (Dumanis et al., 2012), ApoEr2 

(Hoe et al., 2006) or Notch (Kim et al., 2012), from which intracellular fragments involved in 

gene regulation together with Fe65 has also been shown. However, besides transcriptional 

regulation, Fe65 is also involved in DNA damage repair in the nucleus. Interestingly, this 

function of Fe65 requires APP (Stante et al., 2009) and may involve increased a-secretase 

mediated APP processing (Queralt et al., 2014). Interaction between Fe65 and APP/APLP2 was 

shown to play an important role in the recruitment of TIP60 to DNA double strand breaks 

(Stante et al., 2009). Upon recruitment of the TIP60 to sites of DNA double strand breaks, this 

histone acetylytransferase can acetylate and activate the ATM kinase. The ATM kinase can 

then phosphorylate histone 2A (creating g-H2AX) (Burma et al., 2001), which acts as a mark 

for the recruitment of the DNA reparation machinery. In neuroblastoma N2A cells  treated with 

sorbitol increased levels of Fe65 in the nucleus could be observed prior to g-H2AX induction 

(Nakaya et al., 2008). Taken together this suggests that a-secretase cleavage of APP resulting 

in release and nuclear translocation of Fe65 and TIP60 is important for g-H2AX formation and 

DNA repair. The a-secretase regulation of Fe65 nuclear localization we have identified in our 

models might thus be related to this Fe65 function and further studies of how the cell’s DNA 

repair capability is influenced by a-secretase inhibition would be of interest.    
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5 Conclusions 
 

The results in this thesis show that there are several factors that can influence the proteolytic 

processing of APP, the APP-Fe65 interaction, and nuclear localization of Fe65. 

Factors influencing the APP processing: 

• We found that phosphorylation of APP at the Ser675 residue promotes Meprinb cleavage 

of APP. Previous studies have shown that in AD brains, there is an increase in APP-

Ser675 phosphorylation and Meprinb expression (Bien et al., 2012; Lee et al., 2003; 

Medoro et al., 2019; Schlenzig et al., 2018). Increased Meprinb processing of APP has 

been shown to result in decreased neuroprotective levels of sAPPa and increased 

generation of truncated aggregation prone Ab peptides (Schönherr et al., 2016a). Taken 

together, this suggests that increased Ser675 phosphorylation of APP could play an 

important role in AD pathology by increasing Meprinb processing of APP. 

• Mutation of the N-terminal Ser228 residue in Fe65 (S228A or S228E) results in an increased 

interaction between Fe65 and APP, as well as decreased a-secretase processing of APP. 

This finding is consistent with previous studies (Lau et al., 2019; Lee et al., 2017) 

showing that an increased APP-Fe65 interaction results in amyloidogenic, rather than 

non-amyloidogenic, processing of APP. Taken together, this suggests that factors that 

can increase the interaction between APP and Fe65 could play an important role in AD 

pathology by reducing sAPPa, but increasing the Ab production. Fe65 has been 

proposed to adopt a transcriptionally inactive closed conformation in which the Fe65 

WW domain and PTB2 domain interacts with each other (Cao & Südhof, 2004). We 

therefore speculate that mutation of Ser228 in Fe65, which is close to the WW domain, 

might prevent formation of this closed conformation and instead result in an open 

conformation of Fe65, which is more prone to interact with APP via the PTB2 domain. 

Although we could see the same alteration of APP processing upon expression of both a 

phosphomimicking and a non-phosphomimicking Fe65-Ser228 mutant, it is still possible 

that aberrant phosphorylation of Fe65-Ser228 could play an important role by 

dysregulating APP processing in AD pathology.  
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Factors influencing the nuclear localization of Fe65:  

• In paper II, we identified that the Fe65 PTB2 domain plays an important role in the 

nuclear localization of Fe65. The Fe65 PTB2 domain is also important for mediating 

the interaction between Fe65 and full-length APP or AICD. Therefore, this suggests 

that Fe65 might have to bind to APP or AICD, through the PTB2 domain, before 

translocating to the nucleus.  

• We also identified N-terminal phosphorylation of Fe65 as a negative regulator of 

Fe65 nuclear localization in both differentiated and undifferentiated cells.  

Moreover, we found that this N-terminal phosphorylation resulted in an 

electrophoretic mobility shift of Fe65 on western blots and that Fe65-Ser228 

phosphorylation could contribute to this shift and also in preventing Fe65 from 

entering into the nucleus.  

• In addition, a-secretase processing also plays an important role in regulating the 

Fe65 nuclear localization. We found that upon a-secretase inhibition, the nuclear 

localization of Fe65 was decreased to the same extent as upon g-secretase inhibition, 

both in undifferentiated and differentiated cells. Interestingly, while the a-secretase 

ADAM10 seems to be most important for this effect in undifferentiated cells, other 

a-secretases such as ADAM17 seem to play a more important role in differentiated 

cells, especially after PMA differentiation. This a-secretase mediated regulation of 

Fe65 could be related to APP processing and DNA damage repair, or might be 

related to gene regulation following RIP of other transmembrane proteins than APP.    

Based on the different factors that we have identified to regulate the Fe65 nuclear localization, 

we can hypothesize a model in which the Fe65 nuclear localization is controlled by several 

steps. In this model, Fe65 could interact with full-length APP or another transmembrane protein 

(protein ”X”) through the PTB2 domain. Constitutive, or ligand induced, a-g-secretase 

processing of APP or the transmembrane protein ”X” then may result in generation of an 

intracellular fragment ”XICD”, to which Fe65 remains bound via the PTB2 domain. The XICD-

Fe65 complex then translocates into the nucleus, facilitated either by NLS in XICD or by the 

XICD-Fe65 complex also interacting with an additional protein possessing a NLS. However if 

Fe65 is phosphorylated at the N-terminal (between amino acids 192 and 260), the Fe65 nuclear 

entry is reduced or blocked, possibly by the phosphorylation disrupting the XICD-Fe65 
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complex. It is still yet to be determined how/when and where exactly Fe65 undergoes 

dephosphorylation before entering the nucleus.  
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6 Popular Science Summary (in English)  
 

Alzheimer’s disease (AD) is a neurodegenerative disease that gets worse with time. It is the 
most common form of dementia in older adults. Worldwide around 47 million people are 
believed to live with AD or other dementias. While there is no cure to stop or slow down the 
progression of AD, there are some drugs that may help treat symptoms. In AD, there are some 
irreversible changes in the brain that cause some of the nerve cells to lose their ability to 
function properly and eventually they die. Due to which several cognitive functions are affected 
such as thinking, reasoning and remembering.  
 
Abnormal structures called plaques and tangles are hallmarks in AD brains. Tangles are twisted 
fibres of another protein called Tau that build up inside the nerve cells. The plaques consist of 
amyloid beta protein that build up in the spaces between nerve cells.  Together, they mess up 
the normal functioning of the cells inside the brain. The toxic amyloid-beta is generated from a 
bigger protein called amyloid beta precursor protein (APP). Therefore studying the role of APP 
in AD pathology is very important. This APP can be cleaved in different pathways called 
amyloidogenic (where Ab is produced) and non-amyloidogenic (where Ab is not produced, 
instead protective sAPPa fragments are generated). In healthy neurons, APP is processed in 
non-amyloidogenic pathways by a- and g- secretases generating sAPPa. With increasing age 
and the presence of other risk factors such as diabetes and cardiovascular diseases, however, 
APP could be cleaved to a greater degree by b- and g- secretases in amyloidogenic pathway 
leading to the generation of Ab. There are different forms of Ab and a truncated form of Ab 
could be generated by another pathway in which APP is cleaved by another secretase called 
Meprinb (an alternative b-secretase). In Alzheimer’s patient brains there is an increase in the 
Ab level and decrease in the sAPPa level, which leads to the death of nerve cells. Therefore 
the treatment strategy should focus in such a way that the neuroprotective sAPPa levels are 
increased and the toxic Ab are decreased in the brain.  
 
In this thesis we have studied the factors that may lead to decrease in sAPPa which means the 
factors that may cause less non-amyloidogenic/a-secretase processing of APP thereby less 
generation of sAPPa. We have also studied an APP interacting protein called Fe65, which could 
also play an important role in the regulation of APP processing. We for the first time show that 
the particular phosphorylation of Ser675 residue in APP decreases a-secretase processing of 
APP and instead promotes Meprinb processing of APP in which less neuroprotective sAPPa is 
generated. Phosphorylation of proteins is a molecular mechanism through which protein 
function is regulated in response to extracellular stimuli both inside and outside the nervous 
system. In this case we don’t know what causes the APP-Ser675 phosphorylation, but we know 
that in AD patient brains there is an increase in the phosphorylation of APP-Ser675 residue. In 
the next study, we found that increased interaction between Fe65 and APP could influence the 
APP processing and we identified a particular residue Ser228 in Fe65, which, when mutated can 
lead to increased interaction with APP. This increased interaction between APP and Fe65-Ser228 
residue mutations results in less a-secretase processing of APP and less generation of sAPPa. 
The Fe65 protein can be present inside the cell nucleus or it can be outside the nucleus in the 
cytoplasm. In AD, Fe65 protein inside the nucleus together with AICD fragment (generated 
from b-secretase cleavage of APP) regulates the expression of various genes which have direct 
relevance to AD pathogenesis. We have studied the factors that may regulate the nuclear 
localization of Fe65. Our results show that phosphorylation at Fe65-Ser228 along with other 
residues that are present in the Fe65 N-terminal, a particular region of Fe65 called the PTB2 
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domain and a-secretase cleavage of APP or any other Fe65 interacting protein are involved in 
controlling the nuclear localization of Fe65.     
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7 Populärvetenskaplig sammanfattning (på svenska) 
 
Vår mänskliga hjärna består av cirka 100 miljarder nervceller. Dessa celler bearbetar, lagrar 
och kommunicerar information så att vi kan tänka och styra våra kroppar. Alzheimers sjukdom 
(AD) är en neurodegenerativ sjukdom i vilken irreversibla förändringar i hjärnan gör att 
nervceller förlorar sin förmåga att fungera korrekt och så småningom dör. Detta leder till 
nedsatta kognitiva funktioner som tänkande, resonemang och förmåga att minnas. Över hela 
världen tros cirka 47 miljoner människor leva med AD eller andra liknande demenssjukdomar 
som också påverkar minnet. Idag finns inget botemedel för att stoppa eller bromsa utvecklingen 
av AD, men det finns några läkemedel som kan hjälpa till att behandla symtomen. För att kunna 
utveckla nya och förbättrade läkemedel för AD är det viktigt att vi förstår de mekanismer som 
gör att nervcellerna slutar fungera i denna sjukdom.  
I hjärnan hos patienter med AD kan två onormala strukturer som kallas plack och tangles 
observeras. Placken består av amyloid beta-proteiner (Ab) som klumpar ihop sig i utrymmena 
mellan nervcellerna, medan tangles bildas inne i nervcellerna och består av hoptvinnade fibrer 
av ett annat protein som kallas Tau. Både Ab och Tau misstänkts kunna  skada och döda 
nervceller. De giftiga Ab-proteinerna genereras genom att ett större protein som kallas amyloid 
beta-prekursorprotein (APP) klyvs med hjälp av olika sekretasenzymer. APP kan dock klyvas 
på flera olika sätt och i friska nervceller klyvs majoriteten av APP av först a- och sedan g-
sekretas, enligt vad som kallas den icke-amyloidogena vägen. Då bildas inget skadligt Ab, utan 
istället genereras ett nervskyddande fragment som kallas sAPPa. Med ökande ålder och 
förekomst av andra riskfaktorer som diabetes och hjärt-kärlsjukdom kan dock APP till en högre 
grad börja klyvas av b- och g-sekretas, enligt den amyloidogena vägen som leder till 
Ab. Nyligen identifierades även ett ytterligare sekretas kallat Meprinb som också kan klyva 
APP på ett sätt så att kortare varianter av Ab kan bildas. I hjärnor från Alzheimers patienter kan 
ökade nivåer av både långa och korta Ab-varianter ses, medan lägre nivåer av skyddande 
sAPPa kan observeras. Balansen mellan de olika vägarna varvid APP kan klyvas är således 
förändrad i denna sjukdom och i denna avhandling har vi studerat vilka olika faktorer som 
skulle kunna ligga bakom denna förändrade balans.  
I en första studie undersökte vi om en modifikation, en fosforylering, på position 675 i APP-
proteinet kan påverka hur APP klyvs. Detta då en ökad nivå av denna modifiering hade 
iakttagits i hjärnor hos AD-patienter. Vi kunde för första gången visa att denna fosforylering 
leder till en ökad Meprinb-klyvning av APP, medan klyvning genom  a-sekretaset minskade. 
Denna modifiering skulle därmed inte bara kunna bidra till de ökade Ab-nivåerna, men även 
de minskade sAPPa-nivåerna i AD och därmed nervcellsdöden. I en andra studie identifierade 
vi att en ökad interaktion mellan APP och ett annat protein som kallas Fe65 också kan leda till 
minskad klyvning av APP enligt den godartade, icke-amyloidogena vägen där skyddande 
sAPPa produceras. Fe65-proteinet kan inte bara binda till APP, utan även till APP-fragmentet 
AICD som bildas efter att APP klyvts av g-sekretaset. Det AICD-Fe65-komplex som bildas 
efter klyvningen kan förflytta sig in till cellens kärna och där reglera vilka gener, dvs delar av 
arvsmassan, som uttrycks till proteiner. Flera av de gener som AICD-Fe65 kan reglera tros 
kunna spela en viktig roll i hur nervcellerna dör i AD. Därför ville vi även undersöka vilka 
faktorer som kan reglera hur Fe65 kan förflytta sig in i cellens kärna. Vi kunde identifiera tre 
viktiga faktorer, fosforylering av position 228 i Fe65, ett område i Fe65 som kallas för PTB2, 
samt a-sekretas-klyvning av APP eller något annat protein som Fe65 kan binda till. Med hjälp 
av dessa resultat har vi kunnat utveckla en modell för hur vi tror Fe65s förflyttning in i kärnan 
regleras.  
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Sammantaget har våra studier bidragit till en ökad förståelse för hur både APP-klvyningen och 
samspelet mellan Fe65 och APP regleras. Förhoppningsvis kan detta i framtiden bidra till att 
lösa några av det gåtor som omger Alzheimers sjukdom.    
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