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ABSTRACT

Alzheimer’s disease (AD) is characterized by the deposition of Beta-Amyloid
(AP) peptide plaques in the brain. Ap peptides are generated by the sequential cleavage
of the Amyloid Precursor Protein (APP). The AP42 cleavage product is the most
neurotoxic form. Previous studies in our lab have uncovered a novel rapid lysosomal
APP trafficking pathway that bypasses the early and late endosomal compartments. We
set out to characterize this transport pathway using APP constructs with an N-terminal
HA-tag, allowing us to label APP at the cell surface with a fluorescently labeled
antibody. SN56 cells and mouse cortical neurons were also co-transfected with
fluorescently-tagged compartment marker proteins and a panel of endocytosis regulatory
proteins bearing dominant negative and constitutively activating mutations. Rapid APP
internalization to lysosomes is stimulated by antibody binding and is increased when
Arfl activity was inhibited, but decreased when Arfo activity was inhibited. In addition,
disruption of either Arfé or Arfl was able to significantly reduce Ap42 secretion into the
media. Our findings suggest that rapid APP transport to lysosomes is regulated by Arfo
and is an important, and potentially targetable, mechanism that regulates A(342

production, while Arfl regulates secretion of Ap42 into the media.

Keywords: Alzheimer’s disease, APP, Ap42, Ap40, Arfo, Arfl, macropinocytosis,

lysosomes, intracellular trafficking
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CHAPTER 1: INTRODUCTION

1.1 Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disease that is
characterized by the deposition of senile beta-amyloid (AP) plaques in the brain. It
affects 10% of the population over the age of 65 and roughly 50% of the population over
85 (Herbert 1995). Currently, it is estimated that nearly 500,000 Canadians suffer from
AD and that this number will drastically rise to more than 1 million by 2038 (Smetanin
2009). However, what is most concerning to our society and health care system is the
increasing cost of caring for patients with AD in the future. The Alzheimer’s Society of
Canada projects that the current cost of care, estimated at $15 billion per year, will

sharply rise to $158 billion by 2038 (Smetanin 2009).

AP peptides are produced from the sequential cleavage of the amyloid precursor
protein (APP). The first cleavage is at a P site by p-secretase (BACEL1) within the
extracellular domain to release the large APP extracellular domain (Figure 1). This
leaves behind the 10 kDa C99 carboxyl terminal stub. Alternatively, APP can be
processed through the non-amyloidogenic pathway where it is cleaved within its AP
domain by a-secretase, thereby preventing AP production by shortening the resultant Ap
peptide (Strooper 2000, Esch 1990). The C-terminal stub is then cleaved at a variable y-
cleavage site within the transmembrane domain by the presenilin component of the y-
secretase complex (Thinakaran 2008), releasing the 38-43 amino acid Ap peptide and the

APP intracellular domain (AICD). This final cleavage step is important because it



BETAAMYLOID

p-secretase

Extracellular/
Luminal

APP C99 C59

Figure 1. APP cleavage events to yield Afi. Amyloid domain of APP is highlighted in
red. BACE, the functional component of P-secretase, cleaves APP at the P-cleavage site
(blue triangle) in the extracellular domain. The remaining C99 C-terminal is then cleaved
by the Presenilin component of y-secretase at the y-cleavage site (green triangle) to
release the AP peptide from the remaining C-terminal stub. Due to the variable nature of
y-cleavage, the AP peptide can range between 38-43 amino acids in size. The 42 amino

acid form (AP42) is the most neurotoxic.



regulates the total amount of A3 produced as well as the relative amount of toxic A(342 to
other Ap species. Nearly 90% of all processed Ap is secreted as the 40-amino acid form

(AP40), whereas the 42-amino acid form (AP42) comprises less than 10%.

The leading model of AD is referred to as the Amyloid Cascade Hypothesis
(Hardy and Selkoe 2002) and suggests a strong relationship between the initiation and
progression of AD to the APP and Ap proteins. Simply put, this model states that AD
pathology first begins with events that result in a significant increase in Ap42/Ap40 ratio.
Imbalances between Ap production and clearance leading to this rise can occur through
either the inheritance of Familial AD (FAD) mutations in APP or presenilin (PS1 or
PS2), which can cause an increase in Ap42 production, or through a gradual failure in AP
clearance mechanisms (Hardy and Selkoe 2002). Despite their linkage to devastating
early onset AD, FAD mutations represent less than 1% of all AD cases. Factors that
enhance the release of Ap monomers increase the likelihood that soluble AP oligomers
will assemble (Walsh 2007). These soluble oligomers initially have subtle effects on
neuronal synapses. Eventually long term potentiation becomes impaired, causing
synapse remodeling and ultimately, synapse loss. Neuronal homeostasis mechanisms
then become severely altered, culminating in cell death and the onset of irreversible

dementia (Hardy and Selkoe 2002).

1.2 Amyloid Precursor Protein (APP)
APP is a member of a small gene family which also includes APLP1 (amyloid

precursor-like protein) and APLP2 in humans. It is a type | membrane protein with a



large extracellular domain and a relatively short cytoplasmic domain. The APP gene in
humans is located on chromosome 21 (Hardy and Selkoe 2002). Multiple isoforms of
APP arise through alternative splicing of its 19 exons, with different isoforms of different
sizes being expressed in specific tissues. The most common isoforms are APP695, the
neuronal form, and APP770 and APP751, which are both expressed ubiquitously. APP is

the only member of the APP-related genes to contain an Ap domain.

1.2.1 Physiological Functions of APP

Several physiological processes have been attributed to APP, but its actual role in
mammalian physiology remains largely unknown. In a study by Saito et al (1989),
fibroblasts that were depleted of APP showed signs of growth retardation. However, this
effect was restored with the application of exogenous APP molecules. A later study
identified that the active RERMS pentapeptide domain in the APP extracellular region
was responsible for linking APP to fibroblast growth (Ninomiya 1993). The apparent
autocrine and paracrine functions of APP’s extracellular domain in regulating cellular
growth were also shown to be present in neurons as well, where infusion of either the
RERMS domain or exogenous APP molecules was able to improve the memory retention
and synaptic density in animals (Meziane 1998, Roch 1994). Studies have also strongly
suggested that APP functions to induce neuronal maturation and neurite outgrowth (Hung
1992) as well as helping to regulate the differentiation of neuronal stem cells into the

astrocytic lineage (Kwak 2006).



The AICD has been shown to function similarly to the intracellular domain of
Notch (NICD), a protein crucial to developmental processes due to its role in controlling
cell fate decisions. Both APP and Notch are known substrates of y-secretase, and
therefore, can undergo y-cleavage (Kimberley 2001). Due to the striking similarities of
their cleavage paths, it is suggested that APP may also function as a receptor, as is the
case with Notch. In fact, AICD is stabilized by the binding of the adaptor protein Fe65 in
a manner similar to the association of NICD to CSL (CBF1, Suppressor of Hairless and
Lag-1). Once associated to one another, the AICD-Fe65 complex translocates into the
nucleus, where it is believed to affect gene transcription in the same way that the NICD-
CSL complex does. Interestingly, it was reported that while in the nucleus, AICD can
regulate the transcription of APP (von Rotz 2004). Additionally, it has been reported that
AICD is involved in the regulation of a number of cellular processes, such as calcium and

ATP levels within a cell (Hamid 2007).

1.2.2 Intracellular APP trafficking

Intracellular APP trafficking is crucial to the regulation of its processing into AS.
APP transits first from the endoplasmic reticulum (ER), where it is synthesized, to the
Golgi apparatus, where it is post-translationally modified (Figure 2). These include
tyrosine sulfonation, N- and O-glycosylations, as well as ectodomain and cytoplasmic
phosphorylation (Thinakaran 2008). Following modification, mature APP is presented at
the cell surface where it is quickly endocytosed to the early endosome as a result of its
YENPTY internalization motif near the C-terminus (Thinakaran 2008). This domain

serves as a binding site for multiple cytosolic adaptors that contain a phosphotyrosine-



binding domain, such as Fe65, Mintl-3, JNK and Dabl, which allow APP to transduce
signals in the nucleus or throughout the cytoplasm (Hill 2003, Pietrzik 2004). It is
believed that the internalization of APP into the enclosed compartments of the
endosomal/lysosomal system allows it to interact with the secretase complexes that are

responsible for its processing into Ap (Haass 1992, Koo 1994, Yamazaki 1996).

1.2.3 APP mutations and Alzheimer’s disease

Thus far, more than 32 mutations in APP have been identified that have been
directly linked to no less  than 89  familial cases of AD
(http://www.molgen.ua.ac.be/ADMutations). Some of these mutations, such as the
Swedish mutation located near the P-cleavage site, can significantly increase the amount
of Ap produced by increasing the rate of P-cleavage by up to 10-fold (Mullan 1992).
Other mutations located around the y-cleavage site (ie. the London mutation) cause a
preferential increase in y-cleavage, thereby increasing the production of AP42 relative to
Ap40 (Eckman 1997). However, even simply increasing the expression of APP, resulting
from duplication of the APP gene, has been linked to early onset AD due to the resulting
increase in Ap42 production. This has been demonstrated in Down’s syndrome patients
who routinely develop AD symptoms and pathology in their 40’s, due to gene duplication
of chromosome 21 (Walsh 2007). Some families with AD have also shown to only have
duplication of the APP gene and not the entire chromosome, further supporting the role

of APP in AD pathology.


http://www.molgen.ua.ac.be/ADMutations

Figure 2. Known APP trafficking pathways. APP is first synthesized in the endoplasmic
reticulum (ER), after which it is trafficked to the Golgi apparatus for post-translational
modification and maturation. APP is then presented at the cell surface before being
reintemalized to the early endosome. It was believed that APP was processed into AO in
the early endosome before being excreted to the extracellular space. Remaining cleavage
APP fragments would then be transported to the lysosome for further degradation.
Recent studies suggest that APP processing could potentially be occurring in lysosomes.
We have uncovered a novel trafficking pathway that bypasses early and late endosomes
and traffics APP directly to the lysosome from the cell surface (red arrow).



1.3 Beta-Amyloid (AP)

1.3.1 Physiological Functions of Ap

AP is a 4 kDa peptide that is released following the y-cleavage of APP. Ap was
initially thought to be an abnormal processing product restricted to the brain tissue of
aging or demented patients. However, studies showed that Ap is normally present in the
serum, CSF and bodily fluids of various species (Seubert 1992) and that it is normally
secreted, albeit at significantly lower concentrations, into the conditioning media of
cultured cells (Haass 1992). This prompted researchers to explore what other
physiological roles Ap might have in healthy individuals. Studies have shown that low
levels of Ap can increase hippocampal long-term potentiation, thus enhancing memory
(Puzzo 2008). In addition, picomolar concentrations of Ap were found to rescue
neuronal cell death induced by the pharmacological inhibition of both P- and y-secretases
(Plant 2003). Despite these apparent benefits, studies also show that increases in the
relative levels of Ap42 enhance its ability to self-associate into neurotoxic soluble
oligomers. Studies in animal models demonstrated that the presence of soluble AP
oligomers decreases the number of synapses, thereby impairing learning performance
(Shankar 2008, Cleary 2005). These oligomers have also been shown to bind directly to
synapses containing NMDA receptors, effectively destroying the ability of the synapse to
transduce signals to neighbouring neurons (Lacor 2007, Shankar 2007). Additionally, it
has been suggested that Ap can impair long term potentiation due to its ability to bind

with prion protein (PrP) (Lauren 2009, Gimbel 2010). Despite these conflicting reports



on the apparent benefits and neurotoxicities associated with Ap, we still do not fully

understand the purpose of Ap or its primary roles in mammalian physiology.

1.3.2 Ap and its link to Alzheimer’s disease

In accordance with the Amyloid Cascade Hypothesis, there are several lines of
evidence that support the hypothesis that Ap is responsible for the onset of AD. First was
the localization of the APP gene to chromosome 21, where researchers saw that patients
with Down syndrome present AD-like neuropathology (Ellis 1974). Increased APP
expression increases the prevalence of Ap in the body, thereby linking Ap to the AD-like
behaviour of Down’s syndrome patients. Second, exposure of synthetic Ap peptides to
hippocampal and cortical neurons demonstrated marked neurotoxicity (Pike 1991,
Busciglio 1992, Lambert 1998, Hartley 1999). Third, mutations in the regions
immediately flanking or directly within the Ap domain of APP can affect Ap production
and/or aggregation and can lead to early onset AD (Levy 1990, Goate 1991). Fourth,
early onset AD has also been shown to develop as a result of mutations in PS1/PS2,
which increase the ratio of AP42/AP40 (Kumar-Singh 2006, Bentahir 2006). Finally,
transgenic mice with human APP and PS mutations show significant increases in
extracellular Ap and develop neuropathology and behaviour similar to AD patients

(Hsiao 1998, Ashe 2005).

Ap has been widely considered to be central to the initiation of AD (Hardy and
Selkoe 2002). It is the primary component of amyloid oligomers (Gamblin 2003, Mark

1997) as well as the primary component of insoluble fibrils that deposit in plaques in the
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brain. Due to the variable nature of y-cleavage, Ap species can range from 38-43 amino
acids in length. Of these species, A042 has been shown to be the most neurotoxic due to
its ability to aggregate into oligomers (Kim 2005). Consequently, the majority of
Familial AD mutations often result in preferential processing of APP into A(342 over
other A3 species (Cai 1993, Citron 1992, Haass 1994, Wolfe 2007). This would cause a
shift in the AP42/AP40 ratio, with an increase in relative Ap42 concentrations having
been suggested to play a role in the initiation of AD (Selkoe 2007). Studies have shown
that mice that overproduce AP42, but not AP40, develop dense plaques of insoluble AP
that are the hallmarks of AD (McGowan 2005). As mentioned previously, AD-causing
mutations can either affect APP directly, such as the case in London and Swedish
mutations, or its processing machinery, such as mutations in the presenilin component of
y-secretase. Mutations in presenilin cause a preferential increase to the ratio of Ap42
production to Ap40 and make up the largest known group of FAD mutations, with 177
and 14 mutations described in PS1 and PS2 respectively
(http://www.molgen.ua.ac.be/ADMutations). Taken together, these findings strongly

suggest a link between AP and the onset of AD.

1.4 Endosomal-Lysosomal System

1.4.1 Endosomes
Many studies point towards a link between the trafficking of APP to the
endosomal-lysosomal system and the production of Ap. This section will provide an

overview of the two main components of this system, endosomes and lysosomes, as well


http://www.molgen.ua.ac.be/ADMutations

n

as a discussion of their roles in the Amyloid Hypothesis. Endosomes are intracellular
membrane-bound compartments where endocytosed and recycled materials are contained
prior to entering the lysosomes. Endosomes play a key role in the sorting and subsequent
trafficking of endocytosed materials. The two major classes of endosomes are the early
and late endosomes. Endosomal activity and trafficking is highly regulated by the Rab
membrane proteins, with specific Rabs appearing on specialized compartments.
Classically, early endosomes were described to have membranes enriched with Rab5,
whereas late endosomal membranes are enriched with Rabs 7 and 9. More recently, an
electron microscope study by Mari et al (2007) was able to improve the resolution
between the two major classes by combining morphological, kinetic and molecular
criteria. They define early endosomes as compartments being accessible to internalized
transferrin (Tf), whereas late endosomes are endocytic compartments with relatively

insignificant amounts of Tf (Mari 2007).

The sorting function of endosomes was first described by Geuze et al in 1983,
where gold particles of two different sizes were used to follow the internalization of a
ligand, asialoglycoprotein (ASGP), and its receptor (ASGP-R). Once endocytosed,
ASGP dissociates from its receptor is targeted to the lysosomes, whereas its receptor is
quickly recycled back to the plasma membrane. Their novel immunogold labeling
protocol demonstrated that after endocytosis, there is an essential protein sorting event
that occurs. They called these compartments where the ligand was dissociated from its
receptor the ‘compartment of uncoupling receptor and ligand’, or CURL. Through

subsequent studies it was realized that the CURL was actually the early endosomes.
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Studies have shown that in receptor-mediated endocytosis, internalized ligands dissociate
from their respective receptors due to the moderately acidic pH of the early endosome
lumen (~6.3-6.8) (Jovic 2010). Some proteins, such as low density lipoprotein and
ASGP, are targeted to late endosomes/lysosomes for degradation while their receptors are
recycled back to the cell surface (Dautry-Varsat 1983). Following sorting, endocytosed
proteins are either recycled back to the plasma membrane through attached tubular
extensions of the early endosome, or are targeted to the late endosome/lysosomal stages
through vesicular compartments for additional processing or degradation (Geuze 1983,

Mellman 1996).

Several studies have suggested a link between APP trafficking to early endosomes
and the development of AD (Cossec 2010, Sapirstein 1994, Ferreira 1993). Since APP
has been known to be rapidly endocytosed after being trafficked to the plasma membrane,
researchers suggested that early endosomes, being the first compartment where
internalized proteins are known to accumulate and to be sorted, were the key site of Ap
production (Vetrivel 2006, Selkoe 1996, Perez 1999). Additionally, the localization of
BACE and presenilin to endocytic compartments further support the idea that endosomes
could provide an appropriate environment for APP cleavage into Ap (Walter 2001, Wang
2004). Finally, the secretion of Ap cleavage fragments into the extracellular space
suggested that Ap was being produced at the plasma membrane or within compartments
that are known to be in communication with the extracellular space, such as endosomes

(Vitrivel 2006, Strooper 2000, Koo 1994).
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1.4.2 Lysosomes

Lysosomes were first described when the labs of Christian de Duve and Albert
Claude conducted studies to observe the action of insulin on the liver by measuring acid
phosphatase activity (de Duve 1955). They observed that fractions obtained through
gentle extraction protocols showed very little acid phosphatase activity when compared
to fractions obtained through crude extraction protocols or in samples from fractions that
had been stored a few days prior to assaying. They conducted similar enzyme activity
assays on four other hydrolytic enzymes with acidic pH optimum. This led them to
conclude these acidic proteases were housed within a separate, low pH compartment that
was encased by a membrane. From these findings, de Duve et al (1955) first introduced

the term ‘lysosome’ to describe this newly discovered digestive body.

Further evidence surfaced when Straus et al (1954) described intracellular
compartments in the cells of the proximal tubules of kidneys that contained both
reabsorbed material and acid phosphatase activity. These findings were the first
described link between the digestive function of lysosomes and the endocytic uptake of
extracellular materials. From here was bom the classical concept of lysosomes being a
membrane-bound compartment where the endocytosed materials are digested by enzymes

in a highly acidic environment.

In addition to receiving extracellular material from endocytosis, lysosomes also
receive intracellular material through autophagy (Dunn 1990). By regulating the

degradation of a myriad of proteins, lysosomes play a critical role in cellular homeostasis.
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Furthermore, different classes of cells can utilize lysosomes as secretory vesicles, which
include the release of blood clotting agents, skin pigmentation or pulmonary surfactant
(Jaiswal 2002, Stinchcombe 1999, Andrews 2000). The ruffled border of osteoclast cells
responsible for bone resorption is a key docking site for lysosomes whereby enzymes
involved in digesting bone matrix are secreted to the cell’s exterior (Toyomura 2003). In
addition, lysosomes are the major component responsible in repairing physical damage to
the plasma membrane by fusing the lysosomal membrane with the cell surface (Reddy
2001). Because of their importance and roles in a number of cellular mechanisms,
defects in lysosomal function have become increasingly implicated in a number of human
diseases, including AD (Li 2008, LeBlanc 1999, Haass 1992, Nixon 2005). It has now
been suggested that AD shares similarities with other lysosomal storage diseases, with

lysosomal dysfunction being the root cause of its progression (Nixon 2007).

1.4.3 Lysosomes, Ap and Alzheimer’s Disease

Emerging evidence from the past 20 years suggests that the lysosome may play an
important role in AP production and aggregation (LeBlanc 1999, Pasternak 2004, Haass
1992, Nixon 2005). Studies have shown that AP production is significantly reduced
when endosomes and lysosomes are de-acidified or when endocytosis is disrupted
(Ehehalt 2003, Koo 1994, Knops 1995, Schrader-Fischer 1996). It has been suggested
that the four components of the APP-processing y-secretase complex (presenilin, Aphl,
Nicastrin, and Pen-2) work optimally at low pH and are highly enriched in lysosomal

fractions (Pasternak 2003).
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Another line of evidences which suggest a principal role of lysosomes in the
pathology of AD paints them as the key site in the nucléation of Ap fibrils commonly
found in plaques. The combination of the lysosomal pH of 4.5, as well as the presence of
lysosomal gangliosides (Su 2001, Yanagisawa 1995, McLaurin 1996, Soreghan 1994),
comprised of carbohydrates of complex lipids, has been shown to mediate fibril
nucléation (Glabe 2001, Yang 1999). Additionally, it was shown that the formation of
Ap fibrils can disrupt lipid membranes (McLaurin 199, Yip 2001) and that the
culmination of such events can lead to destruction of neuronal synapses as well as
lysosomal rupture (Takahashi 2002, Ji 2002), resulting in cell death (Yang 1998). Taken
together, these findings suggest that lysosomes may play a principal role in Ap
production and regulation by providing the optimal working environment for APP’s

processing complexes.

Although these APP cleavage events have been extensively studied for more than
25 years, the subcellular compartments responsible for Ap generation remain contentious.
This presents a significant roadblock to the development of effective AD treatments. By
understanding how APP is endocytosed and trafficked throughout the cell, we can begin
to have a better understanding of how APP is processed and what additional functions it
may have in mammalian physiology. It may be the case that by targeting the proteins
which control the endocytosis of APP to these possible sites of Ap production and fibril
nucléation, we may pave the road to the development of novel therapeutic strategies

against AD.
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1.5 Endocytosis

There are a multitude of pathways with which cells can internalize cargo.
Additionally, each cell type is capable of employing a unique combination of endocytosis
mechanisms that best suits their physiological roles. Endocytosis pathways are regulated
by signaling and motor proteins, which are often used to describe them. However, due to
the nature of these proteins participating in more than one signaling mechanism, it is
difficult to neatly classify the many pathways of endocytosis into distinct categories. The
broadest distinction that can be made regarding different modes of endocytosis is the
volume of material being internalized. = Macroscale endocytosis refers to the
internalization of material greater than 200 nm in diameter, whereas the mechanism
whereby materials being internalized on a scale smaller than 200 nm is termed microscale
endocytosis (Kumari 2010). Microscale endocytic pathways can be classified based upon
the relative size and shapes of their endocytosing compartments, as well as their
dependency on specific coating proteins, such as clathrin, and vesicular scission motor
proteins, such as dynamin. See Figure 3 for a diagram summarizing different

mechanisms of endocytosis based on their associated protein regulators.

1.5.1 Microscale Endocytosis

1.5.1.1 Coat proteins: Clathrin and Caveolin
Perhaps the best understood mechanism of coat-protein mediated endocytosis is
the clathrin-mediated pathway. Clathrin was initially discovered in a study whereby yolk

proteins were being taken up by mosquito oocytes (Pearse 1976, Roth 1964). Clathrin is
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PKC Cdca2 cdc42 ArfB Rho
Racl Arfl Pak1l
RhoA PLD2

Figure 3. Mechanisms of endocytosis. Different mechanisms of endocytosis organized
according to their dependence on key regulatory proteins. These mechanisms are broadly
classified upon their dependence on the coating protein clathrin and the scission-directing
GTPase dynamin. Highlighted in red under each major mechanism of clathrin-
independent endocytosis are their associated regulatory GTPases and kinases.
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capable of coating vesicles between 100-200 nm in diameter. Clathrin functionally
assembles into a trimer of heterodimers that proceeds to form a lattice-like structure
around invaginating vesicles (Kirchhausen 2000). Adaptor proteins link specific cargo to
the clathrin coat, thus mediating their uptake. Approximately 150 cargo proteins have
been directly linked to clathrin-mediated endocytosis (Kumari 2010). It was once
believed that clathrin-mediated endocytosis was a cargo-induced process. However, it is
now known that clathrin-coated vesicles assemble spontaneously at the plasma membrane
and become stabilized with the binding of cargo proteins.  Following cargo protein
recruitment into clathrin-coated pits, the dimpled deformation is then pinched off from
the cell surface into vesicles by a large GTPase protein called dynamin (Praefcke 2004).
Dynamin is a scission regulating motor protein that is also involved in a large number of
other endocytic mechanisms. Immediately following scission from the plasma
membrane, vesicles containing internalized proteins fuse into early endosomes, where
cargo can either be recycled back to the cell surface via Rab4 or Rab11-regulated
recycling endosomes or be sorted and trafficked to late endosomes and finally to
lysosomes by Rab9 and LAMP1 respectively (Doherty 2009). Internalization of proteins
to early endosomes usually occurs within 10 minutes, whereas transport of internalized
proteins to late endosomes generally occurs after 30 minutes. Proteins finally reach the

lysosomes around 45 to 60 minutes, where they become degraded by proteases.

Another major coat protein-mediated pathway involves the protein caveolin,
which are integral in the formation and coating of membrane invaginations called

caveolae. Caveolins function by binding directly to membrane cholesterol at the cell
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surface. There are 3 types of caveolin. Caveolins-1 and -2 are involved in caveolar
endocytosis in non-muscular cells while caveolin-3 is only found in muscle cells (Chadda
2007). Studies have shown that not all cells are capable of caveolar endocytosis,
suggesting that certain tissues specialize in utilizing caveolae. Interestingly,
overexpressing caveolins in cells that traditionally do not express them can induce the
formation of caveolae (Fra 1995). Due to its dependence upon cholesterol, loss of

membrane cholesterol leads to the disassembly of caveolar complexes (Chadda 2007).

Caveolar endocytosis has been implicated in the internalization of a number of
different ligands ranging from albumin protein to cholera and tetanus toxins to viruses,
such as SV40 (Herreros 2001, Shogomori 2001, Pelkmans 2002). In most of these cases,
studies have identified the ligand’s corresponding receptor in the caveolar pits. However,
it remains unclear as to how the ligands are recruited to their receptors. Studies have yet
to explain how caveolar endocytosis is endogenously regulated in the cells that express
caveolins, such as whether caveolar endocytosis occurs constitutively or if it becomes
greatly up-regulated in response to specific triggers, such as ligand binding or
intracellular signaling. In addition to mediating the formation of caveolae, novel findings
have shown that caveolin-1 is involved in the regulation of Cdc42 activity during

trafficking events at the cell membrane (Nevins 2006).
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1.5.1.2 Dynamin

Dynamin is a large GTPase motor that is responsible for the scission of endocytic
vesicles from the plasma membrane. As a result, dynamin has been implicated in many
fission processes in eukaryotic cells (van der Bliek 1993, Koenig 1989). In mammals,
there are three dynamin genes, each with multiple splice variants. Dynamin-1 is
restricted to neuronal cells while Dynamin-3 expression is restricted to the brain, lung
and testis. In contrast, Dynamin-2 is ubiquitously expressed in almost all tissues (Kumari

2010).

Dynamin was originally identified as a microtubule-binding homolog of the
Drosophila shibire gene (Shpetner 1989). Further investigations using over expression of
dominant negative mutants of dynamin were able to block receptor-mediated endocytosis
(Lee 1999). Additional evidence for dynamin’s role in endocytosis mechanisms surfaced
when dynamin was found to be localized to clathrin coated pits at the plasma membrane.
It appears as though dynamin is recruited to these invaginating pits at the plasma
membrane by binding to proteins that have an N-BAR (N-terminal Bin-Amphiphysin-
Rvs) domain, such as amphiphysin. The N-BAR domain allows these proteins to bind
directly to dynamin (Slepnev 2000). At a molecular level, dynamin contains a GTPase
effector domain (GED) that has been shown to be crucial to its ability to interact with the
GTPase domain of neighbouring dynamin molecules. This allows for the oligomerization
and the simultaneous activation of dynamin molecules in close proximity to one another
(Takei 2005). Dynamins also contain a C-terminal proline/arginine-rich domain (PRD)

that has been found to interact with a variety of specialized protein domains, including
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proteins containing the SH3 domain. The large variety of dynamin-binding partners

enables it to recruit many different proteins during coated vesicle formation.

Mechanistically, it has been hypothesized that dynamin functions as a
mechanoenzyme during the scission of budding vesicles. Direct evidence of this type of
behaviour was seen during in vitro studies which demonstrated that dynamin-coated lipid
tubules were twisting in response to the addition of exogenous GTP (Roux 2006). It is
this tension and torsional strain that occurs at the neck of a budding vesicle that leads to
its scission from the plasma membrane. Two subsequent studies demonstrated that the
polymerization and depolymerization of dynamin is the cause of these torsional changes

at the plasma membrane (Pucadyil 2008, Bashkirov 2008).

In addition to being integral to clathrin-mediated endocytosis pathways, dynamin
has also been implicated in a number of clathrin-independent mechanisms, which include
caveolar endocytosis as well as a class of phagocytosis (Kolpak 2009). Other examples
of clathrin-independent dynamin-dependent endocytosis include RhoA-dependent IL-2
receptor endocytosis (Lamaze 2001) as well as a particular APP endocytosis pathway in
primary neurons (Saavedra 2007). Although dynamin appears to play an important role
in vesicle formation during endocytosis, there are also a number of pathways that work

independently from clathrin or dynamin, such as macropinocytosis and micropinocytosis.
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1.5.2 CLIC/GEEC pathway

The CLIC/GEEC (clathrin-independent carriers/ GPI-AP enriched early
endosomal compartments) pathway is one of the many clathrin-independent, dynamin-
independent endocytosis pathways that also relies upon the reorganization of actin at the
plasma membrane. It was first described when scientists observed the rapid and
dynamin-independent endocytosis of glycosylphosphatidylinositol-anchored proteins
(GPI-APs) into endocytic structures. These were aptly named GEECs. The formation of
GEECs was hypothesized to be the result of the fusion of uncoated tubulovesicular
CLICs that are derived directly from the cell surface (Kirkham 2005). Although it is
known that CLICs are selectively enriched in GPI-APs, how these lipoproteins are sorted
into this mechanism of endocytosis remains unclear. It has been suggested that the size
of the extracellular domain of GPI-APs may play a role in dictating their sorting

(Bhagatji 2009).

One of the key features of the CLIC/GEEC pathway is its dependence upon actin
reorganization machinery (Chadda 2007). Polymerization of actin at the plasma
membrane is regulated by the cycling of the Rho family GTPase Cdc42. Cdc42 cycling
is, in turn, regulated upstream by Arfl, whereby Arfl activation recruits ARHGAP10, a
protein that contains a Rho-GAP domain, which plays a crucial role in initiating Cdc42
GTPase activity (Kumari 2008). Maintenance of Cdc42 cycling is important to the
function of the CLIC/GEEC pathway, as locking Cdc42 in either its GTP or GDP bound

state inhibited endocytosis. Another protein that was also found to regulate Cdc42
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cycling is GRAF1, which also contains a Rho-GAP domain, but works independently of

Arfl activation (Kumari 2008).

1.5.3 Macroscale Endocytosis

1.5.3.1 Phagocytosis

Phagocytosis is one of two principle types of macroscale endocytosis
mechanisms. It is defined as the stepwise uptake of large foreign particles by
encirclement with cell membrane projections. Phagocytosis is usually receptor-triggered
by recognition of the target particle (Bianco 1975). The resulting compartment is then
called a phagosome. Phagocytosis is a specific mechanism of internalization that certain
specialized cells can utilize, such as phagocytes and leukocytes (Kumari 2010). There
are two well-described types of phagocytic entry. The first is FCR receptor mediated
engulfment of immunoglobulin G-opsonized particles (FcR-mediated phagocytosis) and
is dependent upon the activities of Racl and Cdc42 (Allen 1996). The second is
complement receptor CR3-mediated encirclement of C3bi-coated particles (CR3-
mediated phagocytosis) and is specifically dependent upon the activity of RhoA (Caron
1998). Interestingly, studies have shown that FcR-mediated phagocytosis requires
recruitment of Arfl and Arf6, GTPases important in regulating actin-remodeling
signaling pathways, during phagocytic cup formation (Beemiller 2006). Once formed,

the phagosome will undergo gradual acidification in order to degrade its contents.
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1.5.3.2 Macropinocytosis

Macropinocytosis is a highly regulated, yet evolutionary ancient mechanism.
Macropinocytosis is a type of macroscale endocytosis whereby large amounts of
extracellular fluid is engulfed by cells through the extension, envelopment and closure of
lamellopodia. Macropinosomes are characteristically large intracellular vesicles that can
range in size from 0.2 pm to 10 pm in diameter (Swanson 2008). However, the size of
macropinosomes has been found to be independent from the size of its enclosed cargo.
The formation of these large vesicles can occur either spontaneously or as a result of
stimulation from the presence of specific triggers, such as pathogens, phorbol esters or

growth factors (Kerr 2009).

One of the key defining characteristics of macroscale endocytosis is its reliance
upon actin polymerization machinery which allows membrane ruffles or extensions to
protrude out from the cellular membrane to engulf large fluid volumes. More
importantly, however, is the reliance of macropinocytosis on the regulatory proteins of
actin polymerization, such as those of the Arfand Rho families of small GTPases (Nobes
2000) as well as proteins involved in regulating vesicle scission, such as CtBPI (C-
terminal Binding Protein 1)/BARS (Liberali 2008). These proteins will be discussed in
greater detail below. A major link between macropinocytosis and Arfé6 comes from a
study whereby macropinocytosis was induced by the overexpression of EFAs, a guanine
nucleotide exchange factor (GEF) that activates endogenous Arfé (Brown 2001). The
increased Arfé activity resulted in activation of phosphatidylinositol-4-phosphate 5-

kinase (PIP5K), increasing phosphatidylinositol 4,5-bisphosphate (PIP2) levels in the
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cytosol. PIP2 is a lipid-based secondary messenger that is involved in several trafficking
and actin polymerization pathways. During macropinosome maturation, PIP2 is lost from
the invaginating membrane and Rab5 is recruited. Locking Arfé in the constitutively
active form prevented recycling of macropinosomes back to the cell surface, thus causing
them to become trapped within the cell (Brown 2001). In a separate study, Arfé was also
shown to affect macropinocytosis through its activation of PAK1, which then initiates the

Rac GTPase signaling cascade (Dharmasardhane 2000).

1.6 Regulatory Proteins Implicated in Macropinocytosis

1.6.1 ADP-ribosylation factors (ARFs)

The ARF family of proteins is a subgroup of the Ras superfamily of small
GTPases. They were initially described to function as co-factors for cholera toxin-
catalyzed ADP-ribosylation of the a-subunit of heterotrimeric G proteins, but have now
been recognized to play important roles in regulating cell motility and membrane

trafficking pathways.

There are six known types of mammalian ARF proteins that can be classified
under 3 classes (Kahn 2006). Class | includes Arfs 1, 2 and 3 which are involved in
regulating the assembly of coat complexes onto budding vesicles of the secretory

pathway (Bonifacino 2004). Class Il includes Arfs 4 and 5, who are suggested to function



26

in early Golgi transport (Claude 1999, Takatsu 2002). Finally, Class Il is comprised
only of Arfd, which has been implicated in endosomal-membrane trafficking and actin
mobilization (D’Souza-Schorey 1995, Peters 1995). ARF proteins are ubiquitously
expressed in all mammalian cells and show a high degree of conserved amino acid
sequences. The unique intracellular distribution of each ARF protein as well as the
different molecules they interact with is essential in the determination of their cellular

functions (Kahn 2006).

ARFs function similarly to other GTPases by cycling between their active GTP-
bound and inactive GDP-bound molecular states (D’Souza-Schorey 2006). The
hydrolysis of bound GTP, mediated by GTPase-activating proteins (GAPs), results in the
release of inorganic phosphate and the energy needed for signal transduction, thereby
inactivating the GTPase protein. On the other hand, guanine nucleotide-exchange factors
(GEFs) are responsible for exchanging GDP with GTP on inactive GTPases in order to
restore them to their active, GTP-bound states. All ARFs are myristoylated at the second
Gly residue at the N-terminus, which tethers ARFs to the cell membrane (Donaldson
2011). The cycling of GDP to GTP causes a conformational change in the switch region
of ARFs, the domain that allows ARF effectors to bind. Between the switch regions, a
loop of P-sheet is forced away from the GTP binding site during GTP binding. This
causes the N-terminus to displace from its protective hydrophobic pocket, thus promoting

its insertion into the lipid bilayer of compartmental membranes (Gillingham 2007).
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1.6.1.1 Arfl

Arflis a cytosolic GTPase with a molecular mass of 21 kDa. When activated, it
becomes recruited to the membrane of the Golgi apparatus where it has been shown to be
able to modulate its structure. Arfl does so through its ability to regulate PIP2 levels,
which can then stimulate the assembly of spectrin and the actin cytoskeleton on the Golgi
apparatus membranes. Additionally, Arfl has been found to regulate clathrin-coated
vesicle budding from the trans-Golgi network (TGN) and endosomal membranes through
its ability to recruit the adaptor protein complexes (AP-1, AP-3 and AP-4) (reviewed in
D’Souza-Schorey 2006) The actions of these adaptor proteins have also been linked to
PIP2 signaling.  Other studies also report that Arfl participates in a number of
intracellular trafficking pathways. In particular, Arfl has been known to play roles in
several secretion pathways (Fensome 1996, Jones 1999, Zakharenko 1999) as well as in
membrane insertion events required for phagocytosis (Braun 2007). Studies have now
shown that activated Arfl can also participate in endocytosis at the cell surface (Kumari
2008). However, the full scale of Arfl’s involvement in various signaling pathways is
still under detailed exploration. Some studies have pointed towards Arfe as an upstream
regulator of Arfl activity through its interaction with the Arf-GEF, ARNO (Kumari 2008,

Chadda 2007).

1.6.1.2 Arfé
Arfé primarily resides at the plasma membrane where it can be activated or
inactivated by its many regulatory proteins. It has also been implicated in clathrin-

dependent and -independent internalization, actin recycling and remodeling and the
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generation of macropinosomes (D’Souza-Schorey 2006, Jaworski 2007, Brown 2001).
Unlike other Arfs, Arf6 is unique in that it is the only Arf to have the ability to co-
localize with PIP5K in vivo. This unique characteristic has helped define its role in
multiple signaling pathways because of the primary role of PIP5K in the generation of
PIP2, a major signaling molecule involved in actin re-arrangements and membrane traffic.
Arf6 can also regulate PIP5K activity through a parallel pathway where it binds to and
activates phospholipase D (PLD), an enzyme important in the hydrolysis of
phosphatidylcholine to produce phosphatidic acid (PA). PA has been shown to be
important in the regulation of stimulated membrane ruffling as well as PIP5K activity. A
model was proposed whereby activation of ARFs leads to the activation of both PLD and
PIP5K. Activation of PLD increases PA production, which then activates PIP5K. The
activation of PIP5K also causes an increase in PIP2 which feeds back to further activate
PLD. Changes in the amount of PA and PIP2 in the membrane can help to drive both
clathrin-dependent and clathrin-independent endocytosis mechanisms (Ameson 1999,
Brown 2001). Additionally, there have been studies that suggest Arfo can activate the
Arf-GEF ARNO, which could then proceed to activate Arfl-Cdc42 endocytosis
mechanisms. Taken together, Arfo appears to be a major player in the regulation of a
number of endocytosis and membrane trafficking mechanisms. Of particular interest is
the characteristic that the active conformations of Arfl and Arf6é are very similar. This
suggests that both Arfl and Arfé could interact with the same downstream effectors and
could have roles reminiscent of each other in similar pathways, despite the fact that Arfo

is localized to the cell membrane and Arfl is localized to the Golgi apparatus.



29

A study by Kang et al (2009) showed that the clathrin-independent endocytosis of
prion protein in neuroblastoma cells was found to be regulated by Arf6 activity. Prion
protein has been compared to amyloid on a number of levels, and studies have shown that
both appear to traffic along similar pathways (Abdulla 2001). It could be possible that

Arfo could mediate amyloid trafficking as it does with prion protein.

1.6.2 Ral

Ral belongs to the Ras super family of small GTPases, whose members function
as molecular switches in several signal transduction pathways. Many of the cellular
processes regulated by Ral in mammalian cells include regulating membrane transport,
apoptosis, cell proliferation as well as oncogenesis. The position of Ral at the junction of
several unique pathways makes it a key player in the regulation of cell signaling and
homeostasis processes. It has been shown that Ral can play key roles in vesicle sorting
pathways (Bielinski 1993), neurosecretion (Polzin 2002), endocytosis and the regulation

of cellular morphology, gene expression and proliferation (Feig 2003).

Ral has been shown to bind to PLD, which is a well known regulator of a number
of exocytosis and endocytosis mechanisms, such as macropinocytosis (Lu 2000). It is
well established that Ral can bind to PLD1 and that the Ral-PLD complex can bind either
Arfl or Arfé (van Dam 2006). To our knowledge, Ral-mediated activation of PLD is
most likely mediated by Arf6, due to the fact that inactivated Arfo inhibits epidermal

growth factor (EGF)-induced PLD activity. In addition, treatment with primary alcohols,
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such as 1-butanol, is able to disrupt epidermal growth factor receptor (EGFR)

endocytosis by inhibiting PLD activity.

1.6.3 Ras

The Ras superfamily of signaling proteins encompasses a number of small
signaling GTPases, including the Rho and Arf subfamilies.  There are three main
isoforms of Ras: H-Ras, N-Ras and K-Ras (Donaldson 2009). These isoforms differ in
the amino acid sequences of their carboxy terminal tails as well as in their lipid
modifications, which is important in dictating their subcellular localizations and
activities. Apart from being localized to the plasma membrane, Ras proteins also localize
to the Golgi apparatus, mitochondria as well as endosomes. Ras proteins are involved in
the regulation of many cell processes that range from cell proliferation and differentiation

to endocytosis, apoptosis and cell survival.

The H-Ras isoform has been implicated in initiating macropinocytosis.
Activation of H-Ras via EGF stimulation induced membrane ruffling and
macropinocytosis in HeLa and COS7 cells. This mechanism shares several similarities to
Arfs-initiated macropinocytosis, whereby GTPase activation causes increases in cellular
PIP2 levels, resulting in macropinosome invagination. Following macropinosome
maturation, PIP2 is lost and Rab5 early endoséme membrane protein is recruited. As with
Arfo initiated macropinocytosis, expression of constitutively active H-Ras causes

macropinosomes to be trapped within the cell. H-Ras initiated macropinocytosis differs
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from the Arfé pathway primarily in that the H-Ras effector Akt is recruited to the

macropinosomes (Porat 2008).

1.6.4 Rho family of GTPases (Rac and Rho)

The Rho family of GTPases is a large family of small 21 kDa GTP-dependent
signaling proteins that play important roles in intracellular actin dynamics, cellular
proliferation, apoptosis, endocytosis and membrane trafficking. It is a subfamily of the
Ras super family of signaling proteins. All of the members of the Rho family, like other
GTPases, act as molecular switches. The two most studied members of this family are

Racl and RhoA.

1.6.4.1 Rac

The Rac subfamily of the Rho GTPases is comprised of four members that share
great similarities in protein sequences: Racl, Rac2, Rac3 and RhoG (Boureux 2007).
The Rac proteins are important in regulating actin polymerization in most cells and have
been implicated in the stimulation of lamellipodium extension, membrane ruffling,
phagocytosis as well as cell motility and polarization. Despite the strong sequence
similarities between the Rac members, there is a significant difference in their expression
patterns throughout the human body. Racl, the most studied member, is ubiquitously
expressed, whereas Rac2 and Rac3 are restricted to cells of haematopoietic and neuronal
origins, respectively (Didsbury 1989, Bolis 2003, Shirsat 1990). Most of the studies

regarding Rac proteins involve expression of dominant negative isoforms in various cell
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lines in order to observe their impact on actin reorganization. In studies involving
neurons, it was found that dominant negative Racl inhibited neurite outgrowth and
axonal guidance (Chen 2007). In macrophages, Racl appears to be important in the
polymerization of actin in FcR-mediated phagocytosis (Underhill 2002). Its role in actin
reorganization dynamics may implicate it in other mechanisms of clathrin- and dynamin-

independent endocytosis, such as macropinocytosis and phagocytosis.

1.6.4.2 Rho

There are three highly homologous isoforms of Rho: RhoA, RhoB and RhoC.
Studies have shown that they play a major role in the control of endosomal trafficking
pathways as well as in cancer progression and metastasis. RhoB, in particular, has been
shown to localize to endocytic vesicles and regulates their trafficking (Ellis 2000, Ridley
2006). RhoA has been implicated in the clathrin-independent internalization of the P-
chain of the interleukin-2 receptor (IL-2R-P), whereby its uptake is mediated by sorting
to detergent-resistant lipid rafts (Lamaze 2001). Dominant negative inhibition of clathrin
polymerization or adaptor protein 180 recruitment was unable to affect the uptake of IL-
2R-p. It was shown that only dominant negative inhibition of dynamin and RhoA were

able to affect IL-2R-p endocytosis (Ellis 2000).

1.6.5 CtBPI/BARS
CtBPI-BARS is the short splice variant of the C-terminal Binding Protein 1
(CtBPI) gene and was first identified as a 50-kDa protein based on its ADP ribosylation

in the presence of the brefeldin A toxin (Spano 1999). It belongs to a family of dual-
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function proteins that has been shown to be involved in both gene transcription signaling
pathways as well as membrane fission mechanisms. Its function as an alternative to
dynamin-dependent scission machinery has been implicated in the fission of
macropinosomes in epidermal growth factor-mediated macropinocytosis (Liberali 2008).
CtBPI-BARS is activated by PAK1 (p21 activated kinase) during macropinocytosis in
fibroblasts (Dharmawardhane 2000). In a study by Haga et al (2009), CtBPI-BARS was
shown to be an important activator of phospholipase D1 and regulator of
macropinocytosis in COS7 cells. It is unknown whether there is a direct mechanism
linking CtBPI/BARS to its targets or if it plays more of a regulatory role through

complex protein signaling pathways.

1.6.6 Phospholipase D (PLD)

PLD is lipid modifying enzyme responsible for the hydrolysis of
phosphatidylcholine (PC) into phosphatidic acid (PA) and free choline. It is expressed in
many different organisms ranging from viruses and bacteria to plants and animals. In
mammals, PLD activity has been found to be present in most cell types with the
exception of lymphocytes and leukocytes. There exist two main types of PLD: PLD1 and

PLD2.

The catalytic activity of PLD enzymes is attributed to its two HKD motifs,
defined by the key amino acids histidine (H), lysine (K) and aspartic acid (D). Point
mutations in this motif disrupt PLD activity (Sung 1997). In addition to the HKD motif,

PLDs also have a conserved phox sequence (PX), plekstrin domain (PH) and a PIP2
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binding site (Sciorra 2002, Sugars 2002). The PX domain was found to bind specifically
with  phosphatidylinosotiol phosphate lipid signaling molecules, preferably to
phosphatidylinositol triphosphate (PIP3) (Stahelin 2004). The PH domain was suggested
to be important in the localization of PLD, particularly with lipid rafts during its recovery
from the plasma membrane. PIP2 binding to PLD has been suggested to be important in
its activation and subsequent translocation from its inactivated pool to its activated
intracellular locations.  Although the current findings regarding PLD1 and PLD2
localizations remain contentious, it is has been widely suggested that PLD1 is localized to
the Golgi apparatus, early and late endosomes as well as lysosomes whereas PLD2 is

localized at the plasma membrane when stimulated (Jenkins 2005).

Mammalian PLD activity is highly regulated by a multitude of intracellular
signaling proteins and factors. These include phosphoinositides, PKC, ARF and the Rho
family of small GTPases. Phosphoinositides are a group of lipids that are related by their
common base molecule phosphatidylinositol (Pl). PI can become phosphorylated to
increasing levels to yield PIP, PIP2 and PIPs, all of which play important roles in a
number of signaling pathways. It has been found that PLD1 and PLD2 activity can be
regulated by the binding of Pis to regulatory sequences. Along similar lines, PLD
activity has also been found to be associated with PKC activation (McDermott 2004).
PKC dependent regulation of PLD activity has been shown to involve the direction
phosphorylation of PLD along its N-terminus. ARF GTPases have been implicated in the
activation of PLD1 and PLD2. Studies have shown that ARFs can directly interact with

PLD1 but might require the use of accessory factors to indirectly regulate PLD2-
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mediated pathways (Hammond 1995, Sung 1999). The strongest evidence of ARF-
regulated PLD activity has been identified in the transport of intracellular vesicles.
Finally, members of the Rho GTPase family, which includes RhoA, Cdc42 and Racl,
have been shown to activate PLD in a number of cell types (Singer 1995, Bowman 1993).
Studies have found that these GTPases directly interact with PLD in the presence of

GTPyS.

1.7 Rationale and Aims

Our lab has previously demonstrated that APP and the y-secretase complex are
enriched in highly purified lysosomes (Pasternak 2003). More recently, we have
uncovered a novel pathway whereby wild-type APP is rapidly and selectively
internalized from the cell surface directly to lysosomes, bypassing the early and late
endosomal stages of endocytosis (Lorenzen 2010). Interestingly, APP bearing either the
Swedish or London mutations is excluded from this sorting pathway. The rapid
dynamics of this pathway and the presence of y-secretase in the lysosome suggest a rapid
trafficking mechanism that may play a role in the production of A[3 from APP. In this
project, we set out to determine what molecular mechanisms are responsible for

regulating the rapid delivery of APP to lysosomes, the potential site for A3 generation.

Imaging results from our previous study suggested that APP is internalized in a
manner not characteristic of classical clathrin-dependent endocytosis, with micron-sized

vesicles being formed at the cell surface that are quickly directed to fuse with
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neighbouring lysosomes. Based on these observations, we suspect that neuronal cells are
utilizing a mechanism reminiscent of macropinocytosis in order to accomplish this task.
Therefore, 1 hypothesize that APP is transported to the Ilysosome by
macropinocytosis and that regulators of macropinocytosis control intracellular APP
trafficking and Ap production. The two principal objectives of this project are as
follows: 1) To characterize the molecular mechanisms that regulate rapid APP
internalization to lysosomes in neuronal cells. 2) To determine if lysosomal transport of

APP can control Ap production and/or secretion.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Antibodies and Reagents

Anti-HA antibody was purchased from Roche Applied Science. Anti-Arfs
antibody was purchased from Sigma. Anti-Arfl antibody was purchased from Epitomics.
SN56 cells were obtained from Dr. Jane Rylett. Mouse cortical neurons were obtained
from Dr. Sean Cregan.  Fluorescently-labeled secondary antibodies and Zenon
AlexaFluor 633 donkey anti-mouse were purchased from Invitrogen. Dulbecco’s
modified Eagle’s medium, fetal bovine serum, Hank’s balanced salt solution (HBSS),
penicillin (P), streptomycin (S), trypsin and neurobasal media were all purchased from

Gibco.

2.2 Neurons

Cortical neurons were dissected from fetal mice and kept in neurobasal media for
7 days prior to transfection. On the day of transfection, neurons were transfected with
APP-CFP and LAMP1-BFP using Lipofectamine 2000. Two days following
transfection, neurons were surface labeled with AlexaFluor-633 Zenon-labeled anti-HA
antibodies on ice for 30 minutes. Neurons were then either fixed at 0 min or allowed to
internalize at 37°C for 15 minutes, after which they were fixed in 4% paraformaldehyde
(PFA) for 15 minutes. Fixed cells were then imaged using confocal microscopy.
Neuronal cultures were stained with NeuN to ensure that 75% of the cultures were

composed of neurons.
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2.3 DNA Constructs

The pAPP construct was generated by Peiter Anbourgh. A previous study in our
lab demonstrated that this pAPP construct traffics and behaves in the exact same way as
full-length wild-type APP (Lorenzen 2010). A cDNA encoding APP 750- YFP was a
generous gift of Dr. Bradley Hyman. The signal sequence was cloned (including N-
terminal 17 amino acid signal sequence of APP as well as the L-E residues required for
signal peptide cleavage (Lichtenthaler 1999) and a 3’ haemagglutinin (HA) tag was
added by PCR using the primers 5GCTAGCATGCTGCCCGGTTTG3” and
S’ACGCGTAGCGTAATCTGGAACATCGTATGGGTACTCCAGCGCCCGAS.
These primers also add an 5’Nhel cleavage site and a 3’Mlul site. A shortened APP
construct was generated which included the C-terminal 112 amino acids (12 amino acids
upstream of the P-cleavage site) of and adding a 5’-FIAsH tag (using an optimed FIAsH
sequence (Martin 2005) was amplified using the primers 3’ACGCGTTTCCTGAAC
TGCTGCCCCGGCTGCTGCATGGAGCCCS’, 3’ ATCAAGACGGAGGAGATCT
CTG5’. These primers also add a 3’Mlul restriction site and 5’Sal 1 site. These 2 products
were then ligated into pEYFP-NI or pECFP-NI vectors (Clontech). Similar constructs
have been demonstrated to undergo both beta- and gamma-cleavage (Grimm 2008). We
have previously demonstrated that this construct has the same intracellular distribution

and lysosomal trafficking of full length APP (Lorenzen 2010).

Expression constructs for regulatory proteins bearing dominant negative
mutations are Dyn-K44A-CFP, GFP-Arf6-T27N and GFP-Arf6-Q61L (Julie Donaldson),

GFP-CTBP1/BARS-S147A (Alberto Luini), GFP-PLD2-K758R (Michael Frohman),
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YFP-Arfl-T23N (Jean Gruenberg). YFP-Racl-T17N, YFP-RhoA-T19N, YFP-Ras-
S17N, YFP- RalA-S28N were generous gifts from Dr. Stephen Ferguson. LAMP1-YFP

was a generous gift from Dr. Walter Mothes and recloned to use mRFP.

2.4 Cell Culture and Transfection

SN56 neuroblastoma cells were used as a cell model for this study due to the
cholinergic phenotype they expressed once differentiated. Since cholinergic neurons of
the forebrain have been shown to be affected in AD, we felt that the SN56 cell line would

best reflect the cellular physiology of the neurons affected in AD patients.

SN56 cholinergic neuroblastoma cells were grown in Dulbecco's modified Eagle’s
medium (DMEM), respectively supplemented with 5% (v/v) and 10% (v/v) heat
inactivated fetal bovine serum (FBS) (Gibco), and 100 pg/ml penicillin/streptomycin
(Gibco). Cells were kept in culture in 75 cnr flasks (Falcon) and were split every 4 days.
Cells were seeded at a density of 3 x 10s cells/35-mm dish (Falcon) one day prior to
being transfected. Cells were then transiently transfected using Lipofectamine 2000
following manufacturer’s instructions (Fermentas) in serum free media. Transfection
efficiencies averaged 65% in most experiments. Following a 24 hr incubation period,
cells were differentiated before imaging by the addition of ImM dibutyryl cyclic AMP
(dbcAMP; Sigma) to serum free medium (Hammond 1986, Pedersen 1996, Le 1997). All

cells were kept in an incubator at 37°C in a humidified atmosphere containing 5% CO:.
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2.5 Confocal Microscopy

Imaging was performed on a Zeiss LSM-510 META laser scanning microscope
using a Zeiss 63X 1.4 numerical aperture oil immersion lens. The optical section
thickness was typically 1 micron. EGFP and YFP fluorescence was visualized using a
488 nm excitation laser and a 500-530-nm emission filter set. mRFP fluorescence was
imaged using a 543 nm excitation laser and BP 565-615 filter set. ECFP fluorescence was
imaged using 458 nm laser excitation source and a BP 475-525 filter set. AlexaFluor 633

fluorescence was imaged using 633 nm excitation laser, and a LP 650 filter.

2.6 Cell Surface Labeling

Anti-HA antibody was labeled with AlexaFluor 633 using a Zenon labeling kit
(Invitrogen) according to the manufacturer’s instructions. For fixed time-course studies,
a freshly prepared conjugate was incubated with cells in DMEM on ice for 30 minutes.
The conjugate was removed and the cells were washed twice in pre-warmed HBSS.
Following the wash, warm HBSS was added and the cells were incubated at 37°C for the
times indicated prior to fixation with 4% paraformaldehyde. Cells that were selected for
this study showed strong expression of both the APP and compartment marker constructs
in addition to normal morphology. Fixed time course experiments were repeated 3 times
for each dominant negative construct/treatment, with 10 cells sampled at each time point.

See Figure 4A for schematic.

For live cell imaging, the anti-HA antibody was labeled with AlexaFluor 633

using a Zenon labeling kit according to the manufacturer’s instructions. Cells were
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Figure 4. Surface labeling (A) APP constructs were labeled at the cell surface with either
Zenon 633 secondary conjugated to anti-HA primary antibodies against the HA-epitope
or FIAsH biarsenical fluorescein against the tetracysteine sequence, both of which were
engineered onto our APP constructs. After surface labeling on ice, surface labeled APP
was then allowed to internalize for 15 minutes to either LAMPI-mRFP labeled
lysosomes or Rab5-RFP labeled early endosomes. Confocal images were then taken and
colocalization was measured using Imaris analysis software. Dominant negative mutants
were also cotransfected into SN56 cells to study their effect on intracellular APP
trafficking. (B) Schematic of our PAPP construct. An HA epitope as well as a
tetracysteine sequence (4C) to bind FIAsH dyes was engineered on the N-terminal.
Either CFP or YFP was added to the C-terminal. P-, a-, and y- denote the respective
secretase cleavage sites. Transmembrane domain of APP is denoted by the grey region.
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removed from the incubator and washed twice with warm HBSS. The conjugate was
incubated with cells in HBSS for 15 minutes at room temperature. Conjugate was
removed and the cells were washed twice in warm HBSS before being immediately
imaged in HBSS at 37°C on a BC200 microscope stage warmer with a Bionomic BC100
controller (20/20 technologies). Images were taken using a Zeiss 510 META laser

scanning confocal microscope at 2 ffames/minute in 512 x 512 resolution.

2.7 FIAsH Biarsenical Fluorescein Labeling

Methods were adapted from Taguchi et al (2009). To prepare 400ul of labeling
medium (good for 4 confocal dishes with 100 pi labeling media per dish), sul of 70uM
FIAsH reagent (Invitrogen), sul of 50mM 1,2-ethanedithiol (EDT) (Sigma) and 4ul of
2M DL-Dithiothreitol (DTT) (Sigma) were combined in 380ul of HBSS and incubated in
the dark at room temperature for 10 minutes. Following incubation, labeling media was
kept on ice until ready to be used. SN56 cells that were plated on confocal dishes were
kept on ice for 30 minutes prior to labeling. Incubation media was aspirated and the
plates were washed 2x with ice cold HBSS. Each confocal dish was treated with 100ul of
labeling media on ice for 3 minutes in the dark. After labeling, cells were washed 2x
with room temperature 250uM EDT in HBSS to remove any excess FIAsH. The final
wash was done with warm HBSS and the cells were allowed to internalize at 37°C for 15
minutes. Following internalization, cells were fixed for 15 minutes in 4% PFA. PFA
was removed and the fixed cells were washed 3x in room temperature PBS and imaged
on an LSM510 confocal microscope (Carl Zeiss). For FIAsH and anti-HA combination

labeling, following treatment with Lumio labeling media, cells were treated with 10Cul
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Alexaflour-633 Zenon-tagged anti-HA antibodies at a 1:100 concentration for 30
minutes. After labeling with Zenon, cells were washed 2x in warm HBSS and allowed to

internalize for 15 minutes. See figure 4A for schematic.

2.8 Ap42 and Ap40 ELISA

For each individual experiment, 250,000 SN56 cells were plated into each well of
a 12-well plate and kept in 1 ml of pre-transfection media (+FBS; -P/S) overnight after
splitting. Cells were then transfected with PAPP-CFP and one of ArfIDN, ArfoDN or
Arfs CA mutant constructs in triplicate for each experimental run. Cells were incubated
for 3 days following transfection and kept in 500 pi of incubation media (-FBS; +P/S).
500 pi of media was collected and assayed using an ultrasensitive Ap42 or Ap40 ELISA
kit (Invitrogen) according to the manufacturer’s instructions. This experiment was
repeated 3 times and the data normalized against the control. Data was plotted and

analyzed using Graphpad Prism 5.0 software.

2.9 Arfe-Arfl siRNA

SN56 cells were split as described in cell culturing subsection. Stealth SIRNA
was purchased from Invitrogen with the following sequences:  Arfo
(AUAAUGCGGUGCAGCUCCUGGCGGG) (adapted from Bach et al. 2010 for use in
mouse) and Arfl (GGGAAUAUCUUUGCAAACCUCUUCA). Cells were transfected
with 300 pmol of Arfé siRNA and 500 pmol of Arfl siRNA according to Invitrogen

Lipofectamine 2000 transfection protocols. Cell lysates were collected 3 days after
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transfection and assayed by western blotting with a 1:1000 concentration of Anti-Arfl

(Epitomics) and Arf6 antibodies (Sigma).

For colocalization studies, cells were transfected with (3APP-CFP, LAMPI-mRFP
and either 300pmol of Arfé siRNA or 500pmol of Arfl siRNA or a combination of both.
Cells were differentiated 1day following transfection and were then surface labeled with
AlexaFluor-633 Zenon-labeled anti-HA antibodies as described above and allowed to
internalize at 37°C for 15 minutes. Cells were then imaged using confocal microscopy
and the percent colocalization of the brightest 2% of pixels from the APP and LAMP1
channels was measured. Measurements were compared to control cells that were surface

labeled in the same way.

2.10 Protein Extraction and Western Blotting

SN56 cells (1.5 x 106) were plated on 60mm dishes (Nunclon) and transfected
with the appropriate DNA constructs/siRNA transcripts. Following 3 days of incubation,
cells were washed in cold PBS and lysed with 250ul NP40 lysis buffer (20mM Tris pH
8.0, 137mM NaCl, 10% glycerol, 1% IGEPAL/NP40, 3x milliQ water) for 5 minutes at
4C. Cells were then harvested using a cell scraper into 1.5ml Eppendorf tubes and
centrifuged at 14,000 rpm for 15 minutes at 4°C to remove insoluble material. Protein

quantification of supernatant was done using a Pierce BCA protein assay Kit.

Polyacrylamide gels were made from Biorad reagents. The 12% resolving gel

(5.2ml milliQ water, e ml acrylamide, 3.75ml 1.5M Tris-HCI, 150ul 10% SDS) solution
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was mixed with 150ul 10% APS (ammonium persulfate) and eul of TEMED
(tetramethylethylenediamine) before being and allowed to set. MilliQ ultrapure water
was used to smooth out the top of the resolving gel. The 5% stacking gel (3.5ml milliQ
water, 1ml acrylamide, 1.5ml 0.5M Tris-HCI, 60ul 10% SDS) was then mixed with 60ul
10% APS and sul of TEMED before being poured on top of the resolving gel and
allowed to set with a well-comb inserted. 25ug of samples were aliquoted out and mixed
with 4x sample buffer (5ml glycerol, 6.25ml 0.5M Tris-HCI, Ig SDS, 2ml 0.5%
bromophenol blue; pre-incubation preparation: 475ul 4x sample buffer with 25ul 3
mercaptoethanol) in a 3:1 ratio of sample to buffer and heated at 60°C for 20 minutes.
While samples were denaturing, 10X electrode running buffer (30.3g tris base, 144g
glycine, 10g SDS, 1000ml milliQ water) was diluted to 1X and poured into the assembled
gel apparatus (Biorad). Samples were then loaded with one lane loaded with SeeBlue®

Plus2 prestained standard ladder (Invitrogen) and the gel was run at 110V for 1.5 hrs.

When the running front had reached the bottom of the gel, the apparatus was
disassembled and the gel removed and placed in IX transfer buffer (25ml 10X transfer
buffer, 50ml methanol, 175ml milliQ water) diluted from 10X stock (30.3g Tris, 144g
glycine, 1000ml milliQ water). Two pieces of filter paper and a PVDF (polyvinylidene
fluoride) membrane, activated in 100% methanol for 5 minutes, were also allowed to
soak in IX transfer buffer for 15 minutes. A semidry transfer sandwich was then
assembled by placing the PVDF membrane and gel between two pieces of filter paper.
Semidry transfer apparatus (Thermo) was assembled and run at 15V for 1 hr. Following

transfer, PVDF membrane was blocked for 1 hr in 5% skim milk solution (2.5g skim
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milk powder, 50ml 0.05% TBS-T) made in 0.05% TBS-T (10X TBS, 1ml Tween-20,
1000ml milliQ water). 10X TBS was made from 24.2g Tris, 80g NaCl, 800ml milliQ

water, adjusted to pH 7.6 with HC1, then volume brought up to 1000ml.

Arfl (1:1000), Arfes (1:1000) or a-tubulin (1:10,000) antibodies (Sigma) were
added and incubated overnight at 4°C with rocking. Membranes were then washed for 5
minutes 3 times in TBS-T. Secondary antibodies (anti-mouse, anti-rabbit HRP) were
diluted in 5% milk solution and incubated with the membrane for Ihr at room
temperature with rocking. Membranes were washed again for 5 minutes 3 times in TBS-
T. Following washes, 1ml each of chemiluminescence solution A (05ml 0.1M Tris pH
8.5, 22ul 90mM coumaric acid in DMSO (dimethyl sulfoxide), 50ul 250mM 3-
aminopthalhydrazide in DMSO) and B (5ml 0.1M Tris pH 8.5, 3ul 30% H202) were
mixed and incubated on the membrane for 1 minute. Membrane was stored in plastic
wrap and exposed to x-ray film in a dark room. X-ray films were then developed and the

bands were quantified using ImageJ analysis software.

2.11 Data Quantification and Analysis

Colocalization analysis was performed on confocal optical sections using Imaris
7.0.0 with Imaris Colocalization module (Bitplane) running on an Apple Mac Pro to
examine the colocalization of the brightest 2% of pixels in each channel of interest, often
between HA-tagged APP and Lampl-mRJFP or Rab5-RFP. This allows us to set a

threshold for colocalization in an unbiased manner using the intrinsic properties of the
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image, eliminating confounding problems caused by variations in cell-to-cell expression
and image brightness/exposure thus allowing direct comparison between experiments.
Graphing and statistical analysis was performed using Prism GraphPad 5.01 using one-

way ANOVA with Tukey post-test with a 95% confidence.
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CHAPTER 3: RESULTS

3.1 Live cell imaging of SN56 cells shows rapid endocytosis of surface labeled APP
to LAMPL1 positive lysosomes

To examine APP distribution in neuronal cells, we adopted the SN56 cell line.
These cells are a hybrid cell line generated by fusing dissociated embryonic mouse septal
neurons with N18TG2 neuroblastoma cells. SN56 cells possess neuronal morphology
and cholinergic phenotype when differentiated and express APP (Hammond et al., 1986;
Pedersen et ah, 1996; Le et ah, 1997). The construct used here was described in a
previous publication in which we first demonstrated rapid internalization of APP from the
cell surface to the lysosome in fixed cell time courses (Lorenzen 2010). This construct
has the same trafficking pattern as a full length APP construct, and has the same
distribution as immunostained APP in SN56 cells and cultured mouse neurons. To better
understand this phenomenon, we performed live cell imaging of lysosomal internalization
of APP in neuronal SN56 cells. Cells were transfected with HA-(SAPP-CFP (green
channel) and LAMP1-RFP (red channel), surface labeled with anti-HA antibodies
conjugated with AlexaFluor 633 Zenon fluorescent secondary antibodies on ice for 30
minutes, and imaged while the surface label was internalized at 37°C (Fig. 5). To
highlight the colocalized fluorescent signal and to quantify colocalization (in subsequent
images) we used Imaris 64x 7.0.0 software (Bitplane) to create a colocalization channel
by setting thresholds in each channel (in this case, the brightest 2% of pixels) in order to
identify colocalized pixels which were then set to white. This technique allows for the

unbiased (observer independent) settings of thresholds that is relatively independent of
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imaging parameters (image brightness, exposure, transfection level) and is discussed
more fully in our previous work (Lorenzen 2010) as well as in studies by Hutcheon et al
(2000, 2004) and Holmes et al (2006). An example of this method demonstrating the
colocalization of PAPP-CFP and LAMPI-mRFP is shown in Fig. 5A.

Figure 5B shows an internalization time course of surface labeled HA-PAPP-CFP
and LAMPI-mRFP overlayed with the colocalized pixels set to white. These images
show that some internalized APP is already colocalized with lysosomes at the earliest
time points - the amount of time taken to place cells on the microscope stage and focus
them. This process appears to begin with APP internalizing rapidly into very large
vesicles. These vesicles then fuse with LAMP1 positive compartments resulting in the
strong co-localization between HA-PAPP and LAMPI-mRFP. These vesicle fusion
events are highlighted by white arrows in Fig. 5B, where large green vesicles containing
surface-labeled APP fuse with red LAMP 1-labeled lysosomes within minutes. These
findings reaffirm previous studies showing APP is rapidly transported to lysosomes from

the cell surface.

3.2 Mouse cortical neurons show rapid APP internalization and co-localization to
LAMPL1.

In order to confirm that this transport occurs in neurons and not just in
immortalized cell lines, we prepared mixed cortical cultures from F14 mice. Cortical
cells were transfected with HA-PAPP-YFP and LAMP1-BFP 4 days prior to the
internalization assay. Cells were labeled on ice with Zenon AlexaFluor 633-labeled anti-

HA antibodies for 30 minutes and then either fixed immediately or allowed to internalize
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Figure 5. Live cell APP internalization to lysosomes in SN56 cells (A) SN56 Cells were
transfected with HA-PAPP-CFP (green channel) and Lamp1-mRFP (red channel) and
imaged by confocal microscopy. Colocalization was quantified by selecting the brightest
2% of green (right of yellow line) and red (above red line) channel pixels. Colocalized
pixels are shown in white in the far right panel. (B) Live cell time course indicates that
APP internalization begins immediately.  Surface labeled APP becomes highly
colocalized with LAMP1 by 16 minutes. White arrows indicate large APP containing
vesicles budding from the cell surface and LAMP1 compartments in the process of
fusing. Scale bar = 5 pm.
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Figure 6. Rapid transport ofAPP to the lysosome in mouse cortical neurons. (A) Mouse
cortical neurons transfected with APP-CFP and LAMPI-mRFP. Cells were surface
labeled with Zenon-633 anti-HA antibodies and fixed following 0 or 15 minutes of
internalization at 37 C. Colocalization of APP with LAMP1 is highlighted in white.
Panels show a representative slice of the z-stack. Scale bar = 5 pm. (B) Percent
colocalization of the brightest 2% of pixels between APP and LAMP1 channels. *
denotes significant difference (p<0.05) 10 cells imaged in each of 3 separate experiments
(n = 3, 30 cells total). Error bars represent the standard error of the mean (SEM).
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at 37°C for 15 minutes before being fixed in 4% PFA. To demonstrate that the HA-APP
had been internalized to lysosomes, we generated Z-stacks and performed 3D
reconstruction of these cells. Representative images are shown in Fig. 6A. Analysis of
cortical neuron Z-stacks revealed that there was a significant increase in internalized APP
colocalizing with LAMP1 after 15 minutes of internalization (26.8% * 3.1) when
compared to the 0 minute control (4.0% £ 1.2) (p<0.05) (Fig. 6B). 10 cells were assayed
in each of 3 separate experiments for each time point (n=3, 30 cells total per time point).

Data shown as Mean percent colocalization + SEM.

3.3 Internalization of APP into Lysosomes is enhanced by cell surface antibody
binding and/or cross-linking.

In order to determine if the internalization of APP is driven by antibody-induced
crosslinking, as demonstrated by Schneider et al (2008), we examined the internalization
of HA-pAPP-CFP labeled with a biarsenical-fluorescein reagent (FIAsH, sold as Lumio,
Invitrogen) (Gaietta 2002). This reagent binds directly to an optimized tetracysteine
sequence (Martin 2005) incorporated into the HA-PAPP-CFP constructs, next to the HA
epitope tag (Fig. 4) and is too small to crosslink APP proteins. SN56 cells were
transfected with HA-PAPP-CFP and either Rab5-RFP or LAMPI-mRFP to mark early
endosomes and lysosomes respectively. Cells were then surface labeled with the FIAsH
reagent on ice for 3 minutes using the protocol published by Taguchi et al (2009). Cells
were then allowed to internalize APP either with or without an additional antibody
binding step with Zenon 633-labeled anti-HA antibody at 1:100 concentration for 30

minutes on ice. Fig. 7A shows that at time 0, FIAsH labeling appears as a ring on the cell
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surface with no internalization. When allowed to internalize in the absence of anti-HA
antibody, there was robust transport of FIAsH-labeled pAPP-CFP to Rab5-labeled early
endosomes while there was only modest colocalization of FIAsH-labeled PAPP-CFP with
lysosomes. In contrast, in the presence of 1:100 Zenon 633-labeled anti-HA antibody
surface labeling, FIAsH-labeled PAPP-CFP is rapidly transported to the lysosome (Fig.

7B).

We examined the internalization of these labels in at least 3 independent experiments
quantifying at least 10 cells. Colocalization was quantified using Imaris and expressed as
Mean + SEM. When cells were fixed on ice at time 0, there was almost no colocalization
of FIAsH-labeled PAPP-CFP with compartment markers. In the absence of anti-HA
antibody, there is robust colocalization of APP to Rab5-labeled early endosomes (43.7%
+ 3.7) at 15 minutes, whereas only 7.6% + 2.1 of FIAsH signal was colocalized with
LAMP1 after the same amount of time. When FIAsH-labeled cells were treated with
1:100 anti-HA antibodies, the amount of APP translocating to the lysosome rose to
22.4% + 1.9, tripling the amount of APP trafficked to lysosomes (Fig. 1C). These results
were statistically significant (p < 0.05). This data demonstrates that in the absence of
antibodies, APP is internalized primarily to early endosomes (Fig. 1C). While rapid
lysosomal trafficking of cell surface APP does happen at rest, it is markedly stimulated

by antibody binding of APP, presumably due to clustering or crosslinking, (n = 3).
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Figure 7. Lumio FIAsH-labeled APP internalization to lysosomes in SN56 cells (A)
Colocalization of FIAsH biarsenical fluorescein-labeled APP (green) with LAMP1 and
Rab5 (red) with no antibody present (B) Colocalization of FIAsH biarsenical fluorescein-

labeled APP with LAMP1 with 1:100 anti-HA antibody (C) Percent colocalization of

APP with LAMP1 and Rab5 at 0 and 15 minutes in SN56 cells. Cell surface APP was
labeled using FIAsH biarsenical fluorescein reagent (Lumio’, Invitrogen) and were
allowed to internalize for 15 minutes to LAMP1 and Rab5 compartments. 1:100
concentration of Zenon-labeled anti-HA antibody was used in addition to FIAsH labeling
for ‘with antibody’ treatment group. *, ** denotes significant differences (p<0.05). Scale
bar = 5 pm. 10 cells imaged in each of 3 separate experiments (n = 3, 30 cells total).
Error bars represent the standard error of the mean.
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3.4 Rapid APP trafficking to lysosomes is reduced by dominant negative mutations
in Arfo.

Because APP was being rapidly internalized to unexpectedly large compartments
that did not have the appearance of normal clathrin-coated vesicles, we hypothesized that
APP was being internalized by a clathrin-independent pathway reminiscent of
macropinocytosis and might be regulated by similar mechanisms. To test this hypothesis,
we examined some of the proposed regulatory proteins implicated in macropinocytosis.
To do this, SN56 cells were co-transfected with HA-|3APP-CFP, a compartment marker
tagged with mRFP (either LAMP1 for lysosomes or Rab5 for early endosomes), and a
fluorescently-tagged trafficking regulator protein (fused to either GFP or YFP). These
included dynamin, Racl, RalA, Ras, RhoA, CtBPI-Bars, PLD2, Arfo, and Arfl. Cells
were surface-labeled with Zenon-labeled anti-HA antibodies, allowed to internalize for
15 minutes, fixed, and imaged using confocal microscopy. Cells co-transfected with APP
and dominant negative regulatory proteins were identified by visualizing the
fluorescently-tagged proteins through a confocal microscope. Representative images are
shown in Fig. 8. The co-localization of the brightest 2% of pixels of Zenon-633 labeled
HA-APP and LAMP1 was quantified in at least 10 representative cells per experiment
across at least 3 experiments for each mutant type. Data are shown as Mean percent
colocalization + SEM. APP co-localization with lysosomes in cells transfected with
dominant negative forms of these proteins were 34.6% * 2.8 (Racl-T17N-DN), 35.5% =+
2.2 (RalA-S28N-DN), 30.6% + 2.2 (Rasl-DN), 30.4% + 3.5 (RhoA-T19N-DN), 35.9% =+
2.6 (CtBP 1-Bars-S 147A-DN), 38.8% + 2.2 (PLD2-DN), 22.2% + 2.2 (Arf6-T27N-DN)

and 45.8% + 2.3 (Arfl-T31N-DN), 28.1% % 3.6 (dynamin-K44A-DN). These results
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were then compared to the percent colocalization of APP with LAMP1 in control cells
(35.7% = 2.1), which were not transfected with any additional dominant negative
mutants. When we performed a one-way ANOVA followed by a Tukey post-test in order
to determine that of all the proteins screened, only Arf6-T27N-DN significantly reduced
APP colocalization with LAMP1 (p<0.05). On the other hand, Arfl-T31N-DN
significantly increased this colocalization (p<0.05) (Fig. 8B). These results indicate that

Arfl and Arfé appear to have an effect on APP trafficking to lysosomes.

3.5 Rapid APP internalization to LAMP1 vesicles is dynamin independent and
regulated by Arfé whereas APP internalization to Rab5 vesicles requires dynamin
activity and is unaffected by Arfé.

We investigated the role of Arfé and Arfl in lysosomal internalization. Arf6 has
been implicated in a number of novel internalization pathways that work independently
of clathrin, dynamin or other coating and scission proteins. Arfl has been linked
primarily to the intracellular trafficking of post-Golgi and lysosomal vesicles to the cell
surface as well as in the regulation of the clathrin-independent CLIC/GEEC
internalization mechanism (Jones 1999, Kumari 2008). To elucidate the role of Arf6 or
Arfl on APP lysosomal transport, SN56 cells were co-transfected with LAMPI-mRFP or
Rab5-RFP, HA-PAPP-CFP and fluorescently-tagged versions of dominant-negative
mutants of Arfl and Arfé (Fig. 8) and the constitutively active mutant of Arf6é (Fig. 9).
We also compared this internalization with the effects of dominant negative dynamin,
whose activity is required for the endocytosis of cell surface proteins to early endosomes.

Interestingly, cells transfected with the dominant negative mutant of Arfl showed a
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3B

Figure 8. Effect of dominant negative mutants on APP internalization to lysosomes in
SN56 cells (A) Colocalization of HA-labeled APP (green) with LAMP1 (red) in SN56
cells transfected with fluorescent protein- tagged dominant negative mutants of GTPases
(yellow). The colocalized image shows the green and red channel merged, with the
colocalization of the brightest 2% of pixels overlayed in white. Scale bar = 5 pm. (B)
Quantification of APP colocalization with LAMP1 at 15 minutes in SN56 cells. Cells
were transfected with APP-CFP, LAMPI-mRFP and GFP/YFP tagged dominant negative
mutants of various regulators of endocytosis.  Arf6-DN significantly reduced
colocalization with LAMP1. Arfl-DN significantly increased APP colocalization with
LAMPL. * denotes significant difference between treatment and control (p<0.05). Each
bar represents the mean of a least 10 cells imaged in each of 3 separate experiments per
dominant negative mutant. Error bars represent the standard error of the mean.
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Figure 9. Effect ofDominant Negative Arfl, Arfé and Dynamin on APP internalization to
lysosomes (A) Colocalization of HA-labeled APP with LAMPL in SN56 cells. Scale bars
= 5 pm. (B) Percent colocalization of APP with LAMP1 at 15 minutes in SN56 cells
transfected with APP-CFP, LAMP1-RFP and either dominant negative dynamin (K44A)
or constitutively active Arfé (Q67L). Neither dominant negative dynamin nor
constitutively active Arfé was able to significantly affect APP colocalization with
LAMP1. * denotes statistically significant difference from control (p<0.05). 10 cells
imaged in each of 3 separate experiments (n = 3, 30 cells total). Error bars represent the
standard error of the mean.
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significant increase in APP co-localization to LAMP1 to 45.8% + 2.3 (p < 0.05).
DynK44A-DN reduced APP transport slightly to the lysosome to 28.1% + 3.6, but this
was not statistically significant. The constitutively active form of Arf6 was able to
slightly increase APP co-localization with LAMPI-mRFP (39.7% £ 1.7), but this too was

not statistically significant. (n=3)

We then investigated the effects of these mutants on the internalization of APP to
early endosomes marked with Rab5-RFP (Fig. 10A). In these experiments DynK44A-
DN significantly reduced transport of APP to the early endosome from 32.7% + 1.8 to
12.7% £ 2.4 (Fig. 10B) (p<0.05). The internalization of APP to the early endoséme was
unaffected at 36.4% + 2.5 and 34.3% + 3.0 for the Arf6DN and ArfIDN mutants
respectively (Fig. 10B). This agrees with the literature by showing that, in addition to
the novel rapid lysosomal internalization pathway, which we find to be a dynamin-
independent mechanism regulated by Arf6é while APP is internalized to early endosomes

in a dynamin-dependent manner, (n = 3)

To demonstrate the functional effect of Arf6DN on APP internalization, we
performed live cell imaging on cells transfected with HA-PAPP-CFP, LAMPI-mRFP,
and ArféDN. Cells were labeled with Zenon-labeled anti-HA antibody on ice for 30
minutes and then transferred to a heated microscope stage. In these experiments, APP
appears to collect in large structures that remain at the cell surface and do not fuse with
LAMPI-mRFP labeled lysosomes (Fig. 11). These findings demonstrate that APP is

internalized to two distinct pathways: one that is endosome-directed and dependent upon
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APP Rab5 Mutant Coloc
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B

Figure 10. APP internalization to early endosomes (A) Colocalization of HA-labeled
APP with Rab5 at 15 minutes in SN56 cells transfected with dominant negative mutants
of Arfé, Arfl and dynamin. Scale bar = 5 (am. (B) Percent colocalization of APP with
Rab5 at 15 minutes. * denotes significant difference between treatment and control
(p<0.05). Statistics are derived from imaging at least 10 cells imaged in each of 3
separate experiments. Error bars represent the standard error of the mean.
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Figure 11. Live cell imaging of SN56 cell transfected with LAMPI-mRFP (red), HA-
fAPP-CFP (green) and GFP-Arf6-T27N-DN (channel not shown). Cells transfected with
Arf6-T27N-DN do not rapidly internalize APP to LAMP1 labeled lysosomes. Instead,
APP remains clustered at the cell surface after 16 minutes of permitted internalization, a
ring of cell surface APP remains clearly visible, which is in stark contrast to control cells

(Figure 5B) where almost all APP has been internalized from the surface by the same
time point. Colocalized pixels are shown in white. Scale bar = 5 pm.
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Dynamin activity and another that is lysosome-direct and is dependent upon Arfo

activity, (n = 3)

3.6 SIRNA knockdown of Arfl and Arf6 agrees with the effects of dominant
negative mutants and demonstrates that Arfé is dominant over Arfl in regulating
rapid APP internalization to lysosomes.

We wanted to confirm the effects of the dominant negative Arfl and Arfé mutants
using SiRNAs and determine, if possible, which is the upstream regulator in the
trafficking of APP to lysosomes. To study this, we co-transfected SN56 cells with HA-
(3APP-CFP, LAMPI-mRFP and siRNAs against Arfl and Arfé proteins. As shown by
western blotting, sSIRNA concentrations at 300 pmol and 500 pmol reduced the amount of
Arfé and Arfl proteins by 50% and 52% respectively (Fig. 12B). Representative images
of siRNA-treated APP internalization studies are presented in Fig. 12A. Internalization
was quantified in at least 10 representative cells in at least 3 independent experiments
expressed as mean £ SEM. In these studies, the Arfé siRNA significantly reduced APP
colocalization with LAMP1 from 35.7% + 2.1 (control) to 25.8% + 2.2, while the Arfl
SiRNA significantly increased APP colocalization to 43.6% + 2.2 (Fig. 12C) (p<0.05).
These results agree with those observed in cells transfected with dominant negative
mutants of Arfl and Arf6. When combined, the Arfé and Arfl siRNAs together reduced
APP internalization to 20.9% + 2.8. This demonstrates that Arfé is dominant in the
trafficking and delivery of APP to the lysosome from the cell surface than Arfl (Fig.

12C).
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Figure 12. SiRNA knockdown of Arfl and Arf6 on APP internalization (A)
Colocalization of APP with LAMP1 at 15 minutes in SN56 cells transfected with sSiRNAS
against Arfo and Arfl. Cells transfected with both siRNAs show reduced APP
colocalization with LAMP1 and a ring of labeled APP at the cell surface. Scale bar = 5
pm (B) Effective siRNA concentrations were determined through western blotting and
bands were quantified using ImageJ by normalizing against a-tubulin loading controls,
n = 3 (C) Percent colocalization of HA-labeled APP with LAMP1 at 15 minutes in SN56
cells (n = 3, 30 cells total). When both Arf6 and Arfl were targeted by siRNAs, there
was a significant reduction in APP colocalization with LAMP1, suggesting that Arfé
plays a more important role in APP internalization to LAMP1 than Arfl does. * denotes
statistically significant differences with control groups (p<0.05). Error bars represent the
standard error of the mean.
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3.7 Cells transfected with dominant negative Arfl and Arf6 show significantly
decreased secretion of Ap42 into the culture media.

Having shown that both Arfl and Arf6 can affect the colocalization of APP to the
lysosome, we wanted to understand the effects of these mutants on APP processing into
Ap. Cells were transfected with dominant negative mutants of Arfl and Arf6é or
constitutively active mutant of Arf6 along with HA-pAPP-CFP. The media were
collected following 3 days of incubation and were analyzed using an ultrasensitive AP42
ELISA (Invitrogen). Each experiment was performed in triplicate, and the data shown
represent the Mean = SEM of 3 independent experiments. Cells transfected with
dominant negative Arfl and Arf6 showed significant decreases in Ap42 production to
48.0% + 4.5 and 70.0% + 6.9, respectively when normalized to the controls (control =
100%) (Fig. 13, p < 0.05). In contrast, the Arf6 constitutively active mutation had no

significant effect (96.0% + 6.1). (n = 23)

3.8 Cells transfected with dominant negative Arfl show significantly decreased
secretion of Ap40 into the culture media.

Several studies have highlighted the importance of the Ap42:Ap40 ratio in the
initiation and progression of Alzheimer’s pathology (Selkoe 2007, Hardy and Selkoe
2002, Gorman 2008). Seeing as how both Arf6 and Arfl mutants were able to elicit a
significant decrease in AP42 production, we wanted to determine if they could also affect
the production and secretion of AP40. SN56 cells were transfected with dominant
negative mutants of Arfl and Arf6é or constitutively active Arf6é along with HA-pAPP-

CFP and allowed to incubate for 3 days before collecting the media for analysis using an
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A(340 ELISA kit (Invitrogen). Each experiment was performed in triplicate, and the data
shown represent the Mean £ SEM of 3 independent experiments. Surprisingly, only cells
transfected with dominant negative Arfl showed significant decreases in Ap40 (40.0% *
9.4) when normalized to controls (control = 100%). Neither the dominant negative
(82.5% = 5.4) or constitutively active (83.3% = 5.4) mutants of Arf6 had any significant
effect on the secretion of AP40 into the media (Fig. 14). These findings suggest that Arf6
primarily regulates Ap42 production and secretion whereas Arfl regulates the secretion

of the APP cleavage products AP40 and Ap42.
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Mutants

Figure 13. Afi42 secretion in SN56 cells. 250,000 cells were plated in 12-well plates and
transfected with wt-APP, either alone or with the construct shown. Cells were incubated
for 3 days following transfection and the media was collected and assayed using an Ap42
ELISA kit (Invitrogen). Both Arfl and Arfé dominant negatives significantly reduced
Ap42 secretion into the media, with Arfl reducing to a greater extent. * denotes
significant difference from the control (p <0.05). Three wells were assayed per treatment
in each of 3 separate experimental replicates (n = 3). Error bars represent the standard
error of the mean.
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Figure 14. Aj340 secretion in SN56 cells. 250,000 cells were plated in 12-well plates and
transfected with wt-APP along with the construct shown. Cells were incubated for 3 days
following transfection and the media was collected and assayed using an Ap40 ELISA kit
(Invitrogen). Three wells were assayed per treatment in each of 3 separate experimental
replicates. Error bars represent the standard error of the mean. Only dominant negative
Arfl was able to significantly reduce AJ340 secretion into the media.  Neither
constitutively active nor dominant negative Arf6 had any significant effect on Ap40
secretion. * denotes significant difference from control (p <0.05).
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CHAPTER 4: DISCUSSION

Previous studies in our laboratory suggested that lysosomes may play a significant
role in APP processing and that APP is transported by a novel rapid trafficking pathway
directly from the cell surface to the lysosome (Lorenzen 2010). The purpose of this study
was to identify the mechanism responsible for this pathway and to determine whether it
has any effect on A]3 production. We approached this problem by fluorescently labeling
cell surface APP and then following its internalization to fluorescently labeled
intracellular compartments in SN56 neuroblastoma cells. We showed that APP is rapidly
transported to the lysosome from the cell surface and that it could be stimulated by the
binding of antibodies against APP. We screened a panel of dominant negative regulators
of macropinocytosis for their effect on APP trafficking and Ap production. Of these
proteins, only Arf6 appeared to decrease APP transport to lysosomes. We then showed
that Arf6 can regulate Ap42 production but not Ap40, thereby providing more evidence
supporting our suggested model of lysosomes being responsible for Ap42 generation.
Looking into possible downstream targets of Arf6, we found that a possible candidate,
Arfl, appeared to increase APP colocalization to lysosomes and may be important in

regulating Ap42 and Ap40 secretion.

4.1 Mechanisms of APP Internalization
Several previous studies have demonstrated strong evidence for APP being
internalized through a clathrin and dynamin dependent pathway into early endosomes

(Cossec 2010, Sapirstein 1994, Ferreira 1993). As a result, it was widely believed that



70

early endosomes were primarily responsible for APP processing into Ap. In this study,
we show that in addition to being trafficked to early endosomes, APP is also trafficking
from the cell surface directly to lysosomes at a very high rate through a pathway that

bypasses endosomes entirely.

In light of these findings and those from previous studies, we suggest a model
whereby APP participates in multiple trafficking pathways that allow it to be delivered to
different amyloidogenic processing centers within the cell. One of these internalization
pathways appears to be dependent upon both clathrin and dynamin activity. According to
this pathway, cargo internalized from the cell surface via clathrin-coated pits are
trafficked to the early endosomes, before being sorted and targeted to late endosomes and
lysosomes for further sorting, processing or degradation (Doherty 2009). This pathway
was inhibited by over expression of dominant negative dynamin-K44A as predicted.
Other authors have provided evidence for lipid raft based internalization, suggesting

another possible internalization pathway for APP (Schneider 2008).

Our observations suggest a third possible pathway for APP internalization. Live
cell internalization studies revealed that direct lysosomal trafficking of APP occurs in
vesicles that appear too large to be typical clathrin-dependent endocytic vesicles. Of the
known endocytic pathways, only phagocytosis and macropinocytosis use very large
(0.2pm - 10pm) compartments (Swanson 2008, Kerr 2009, Kumari 2010). Phagocytosis
is responsible for the engulfment of large particles by receptor-activated membrane

extensions which adhere directly to the surface of the particle (Swanson 2008, Kumari
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2010). On the other hand, macropinocytosis results from the extension of membrane
processes to engulf large volumes of extracellular fluid without the requirement of an
extracellular article (Swanson 2008, Kerr 2009, Kumari 2010). Macropinocytosis is
usually simulated by the binding a ligand onto cell surface receptor (typically growth
factor receptors), but can occur constitutively (Sallusto 1995, Kerr 2009).
Macropinosomes have also been previously described to preferentially fuse with
lysosomes rather than endosomes (Hewlett 1994). Although often thought of as a
function of immune cells, macropinocytosis has been reported in neuronal cells, where it
acts as a high volume membrane retrieval system for growth cone extension/collapse and
maintenance (Bonanomi 2008, Kabayama 2009). Our observation of APP transport to

the lysosome appears consistent with macropinocytosis.

4.2 Intracellular APP trafficking is regulated by Arfé and Arfl

Our observations suggest that a mechanism reminiscent of macropinocytosis
could be responsible for regulating the rapid internalization of APP to lysosomes. This
led us to investigate a number of small GTPases that have been found to regulate
clathrin- and dynamin-independent mechanisms of endocytosis. From our screening of a
panel of possible candidates, we found strong evidence suggesting that rapid APP

trafficking to lysosomes is sensitive to Arfé and Arfl activity.

Arfo has been implicated in a wide variety of cellular functions including clathrin-
dependent and independent internalization, endosomal sorting and recycling, actin

remodeling (D'Souza-Schorey 2006, Jaworski 2007) and the generation of
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macropinosomes (Brown 2001). Arfo has also been associated with clathrin-independent
endocytosis of major histocompatability complex (MHC classl) M2 muscarinic
acetylcholine receptors, pi integrins (D'Souza-Schorey 2006, Jaworski 2007), and the
prion protein (Kang 2009). To our knowledge, there is only one other report
documenting a relationship between Arfé and Ap production (Sannerud 2011). In this
study in HelLa cells, BACE was found to internalize into clathrin-independent
compartments that eventually fused with APP-containing endosomes to accomplish P-
cleavage. The trafficking of BACE was reduced by constitutively active Arf6-Q67L
along with production of total Ap, while the Arf6-T27N bearing a dominant negative
mutation increased Ap secretion. These results are in direct contrast to ours, in that we
found Arf6-Q67L did not affect the levels of either AP40 or Ap42, whereas Arf6-T27N
was only able to reduce levels Ap42. It is not clear why these studies differ, but
macropinocytosis fulfills many cell type-specific functions, and it is likely that Arfo

might function differently in neuronal cells than in HeLa cells.

Arfd is an interesting protein because it may act through a large number of
potential downstream effectors, which may provide a number of potential therapeutic
targets that can be exploited to interfere with AP generation and secretion. For example,
Arfo is known to regulate the production of PIP2, a lipid cofactor that has been shown to
be able to interact with actin-remodeling regulatory proteins, such as PLD, as a secondary
messenger. A study by Brown et al (2001) highlights the ability of Arfé to regulate
macropinosome formation through PIP2.  Oliveira et al (2010) suggested that

phospholipase D2 could be involved in the progression and pathogenesis of Alzheimer’s
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disease in the presence of Ap. PLD has also been implicated in the trafficking and APP
processing function of presenilinl, the functional component of the y-secretase complex
(Liu 2009, Cai 2006). Additionally, Arf GTPases can interact with PLD1 and PLD2 with
the help of accessory proteins (Hammond 1995, Sung 1999). All of these studies suggest
a possible link between Arf GTPases, PLD, PIP2 and APP trafficking. However, studies
in our SN56 cell model with dominant negative PLD2 did not show any significant effect
on the rapid trafficking of APP to lysosomes. Our proposed future studies will examine

the potential roles of PLD 1and PIP2 in APP trafficking.

Arfl, in contrast to Arfo, is thought to primarily regulate trafficking vesicles from
the Golgi apparatus to the cell surface and internal compartments. It has been suggested
to play a role along with Arfo in other types of dynamin-independent internalization
mechanisms, but is not generally thought to function in macropinocytosis (Beemiller
2006, Kumari 2008, Kumari 2010). In addition, Arfl is known to play a role in secretion
(Zakharenko 1999, Fensome 1996, Jones 1999) and in membrane insertion into the
plasma membrane so that phagocytosis can occur (Braun 2007). Because of its global
effects on trafficking out of the Golgi apparatus, it is not surprising that Arfl would
reduce all forms of Ap secretion by directly reducing the amount of APP leaving the
Golgi apparatus. Our experiments demonstrating the decrease in AP42 and AP40 levels
coupled with the apparent increase in trafficking of APP to the lysosome resulting from
the inhibition of Arfl activity suggests that Arfl is preventing exit of APP/Ap from the

lysosome by inhibiting membrane trafficking or secretion.
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A study by Jones et al (1999) showed that Arfl could regulate lysosomal
secretions in neutrophils through its ability to activate PLD. Several other studies have
suggested a link between lysosomal and Golgi secretion pathways to the activation of
Arfl, PLD and the regulation of PIP2 production. A study by Zakharenko (1999) showed
that neurotransmitter secretion along an axon is sensitive to Arfl activity, thereby
highlighting a possible role of Arfl in regulating the trafficking of secretory vesicles to
the plasma membrane in neuronal cells. Corroborating the results of Jones et al (1999), a
previous study by Fensome et al (1996) showed that increasing either Arfl or
phosphatidylinositol transfer protein (PITP) activity in HL60 neutrophils was able to
restore lysosomal secretion, suggesting a role for both proteins in the regulation of
lysosomal secretion. Both Arfl and PITP have been linked to PIP2 synthesis (Jones
1999). The convergence of both Arfé and Arfl signaling pathways on the production and
function of PIP2 makes PIP2 a very appealing target for future research as a possible

regulator of APP trafficking and Ap production.

4.3 The Importance of the functions of APP and Ap

In this study, we show that there are a number of possible ways in which APP can
be internalized into the cell for processing. It is interesting to speculate as to why
neuronal cells have developed multiple mechanisms to ensure robust APP processing.
Despite its obvious neurotoxic potential, several studies have suggested that APP and Ap
are essential to healthy neuronal physiology (Puzzo 2008). Haass et al (1992)
demonstrated that Ap is endogenously produced in primary neuronal -cultures.

Furthermore, it was shown that Ap producing cells were morphologically normal and that
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A3 production is a normal physiological process. Their findings are consistent with the
fact that Ap can be found in the cerebrospinal fluid and plasma of normal healthy humans
(Seubert 1992), suggesting that Ap is produced throughout the body. A study by Plant et
al (2003) demonstrated that inhibition of either y- or P-secretase activity, and thereby
inhibition of Ap production, was toxic to neuronal cells. In addition, they show that
neuronal toxicity also resulted when Ap was bound and neutralized by anti-AP
antibodies. Studies have shown that exogenous application of Ap fragments of various
lengths was not only able to rescue neurons from cell death (Plant 2003), but was also
able to help promote neurite outgrowth and the development of hippocampal long-term
potentiation (Puzzo 2008). A study by Gralle et al (2009) suggested that the shedding of
the sAPPa ectodomain is essential to neuroprotection due to its ability to disrupt naturally
occurring APP dimers. They also suggest that APP could act as an important surface
receptor for signal transduction pathways. Certainly, the consensus of these studies
suggests that APP must have an essential role in the regulation and maintenance of
normal cellular physiology. On the other hand, the newfound physiological importance
of APP and Ap in healthy individuals may make developing an AP-depleting strategy

against Alzheimer’s disease rather difficult.

4.4 Initiation of Rapid APP Internalization to Lysosomes

In order to assess the effect of the antibodies used to label APP, we devised an
experiment based on FIAsH labeling APP with a small biarsenical-fluorescein reagent
that would be too small to crosslink cell surface proteins. In the absence of anti-HA

antibody, APP transport to the lysosome still occurred, but APP appeared to move
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preferentially to the early endosome. In contrast, antibody binding markedly stimulated
APP transport to the lysosome. Several other reports have also found that binding of
APP by an antibody at the cell surface triggers endocytosis. This has been suggested to
result from APP cross-linking (Ehehalt 2003, Schneider 2008). Interestingly, these
papers focused on lipid rafts and made use of APP bearing the Swedish mutation, which
we have found to not be able to transit directly to the lysosome (Lorenzen 2010). This
implies that these authors may have been examining yet another APP internalization
pathway that may be specifically linked to FAD related mutations. In agreement with our
studies, APP crosslinking/binding by an antibody has reported to stimulate intracellular
kinases and increase Ap42 (but not Ap40) secretion (Sondag and Combs 2006). Another
potential mechanism is that antibody binding could stabilize APP dimers, which has also
been proposed to increase Ap42 production (Munter 2007, Gorman 2008, Gralle 2009,
Richter 2010). In their studies, Munter and Richter demonstrated that AP42 levels were
increased when APP homodimerized at the cell surface via its series of GxxxG
dimerization motifs. Consequently, disruption of these homodimers with chemical
compounds (Richter 2010) or even with sAPPa (Gralle 2009) was neuroprotective in that
it was able to significantly reduce Ap42 production. These results support the idea that
APP can respond to the binding of a ligand at the cell surface, and may function as a cell
surface receptor whose stimulation could preferentially stabilize APP homodimers,

resulting in increased AP42 production.
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4.5 Effects on Ap40 and Ap42 Production and Secretion

Having shown that dominant negative mutations in both Arfl and Arfé were able
to have a significant effect on APP delivery to the lysosomes, we asked whether these
changes in APP trafficking could have a significant effect on the production and secretion
of AP42 and AP40. AP42 is the most neurotoxic of the Ap species in that it is able to
form amyloid fibrils much more easily than Ap40 (Selkoe 2007, Hardy and Selkoe 2002,
Gorman 2008). A study by Murray et al (2009) demonstrated through mass spectrometry
that Ap40 has neuroprotective properties in that it is able to inhibit Ap42 oligomerization
into amyloid fibrils. Ap ELISA analysis of the media of cells transfected with either
dominant negative mutations of Arfl or Arfé revealed that disruption of Arfl activity
was able to significantly decrease secretion of both AP42 and Ap40, whereas the
dominant negative Arfé only showed significant decreases in levels of Ap42. The
importance of these results is three-fold. Firstly, it demonstrates that this rapid Arfo-
regulated APP trafficking pathway to the lysosome primarily controls AP42 production
and not AP40. By targeting the pathway that regulates the production and secretion of
the neurotoxic Ap42 species, it may become possible to specifically reduce its production
in order to slow down or even reverse the pathology of Alzheimer’s disease. Secondly,
because endosomal trafficking was not affected by Arfé6 mutants, these results show that
APP is being processed to Ap42 in the lysosome. Lastly, because Arfl appeared to
increase APP trafficking to the lysosome, our results provide evidence that support

Arfl’srole in lysosome/endosome secretion pathways.



78

4.5.1 Importance of Lysosomes in APP Processing

The production of A[342 in lysosomes has broad implications for Alzheimer’s
disease pathogenesis as the lysosome may be an initial site where the seeding of insoluble
Ap occurs (Pasternak 2004, LaFerla 2007, Tam 2011). A(342 fibrilogenesis is known to
be nucleated by both lysosomal gangliosides and the acidic lysosomal pH of 4.5
(Yanagisawa 1995, McLaurin, 1996, Inouye 2000, Su 2001, Waschuk 2001). These
developing aggregates have been shown to disrupt the structures of neurons and synapses
(Takahashi 2002) or cause lysosomal rupture leading to cell death (Yang 1998, Ji 2002).
The intracellular accumulation of A(342 has been demonstrated in transgenic mice
(Takahashi 2004, Knobloch 2007, Oakley 2006, Oddo 2006, Yan 2009, Billings 2005)
and human neuropathological material where it appears in lysosomes before the
appearance of plaques (LaFerla 1997, Gouras 2000, Gyure 2001, D'Andrea 2002, Cataldo
2004). The large amounts of active lysosomal enzymes in amyloid plaques also suggests
that these extracellular deposits of amyloid originated in lysosomes (Cataldo 1990,

Cataldo 1991, Cataldo 1994, Mach 2002).

4.5.2 Current and Future Therapeutic Strategies for Alzheimer’s Disease

Several studies suggest that an equilibrium exists so that amyloid production and
clearance are balanced so as to maintain healthy neuronal physiology; whilst preventing
neurotoxic Ap42 oligomers from aggregating (Hardy and Selkoe 2002). However, when
the average individual ages (assuming they do not harbor a FAD mutation), the
equilibrium may become offset due to either an increase in AP42 production or a failure

in the body’s capacity to efficiently clear Ap as it is being made (Selkoe 2002). In
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accordance with the amyloid cascade hypothesis, conditions which cause a surplus of
Ap42 to be produced result in an increased potential for neurotoxic Ap oligomers to form
(Hardy and Selkoe 2002). Current strategies for treating Alzheimer’s disease are
primarily concerned with inhibiting Ap production or to increase its clearance, V-
secretase inhibitors disrupt amyloid production by preventing Ap release resulting from
y-cleavage. However, as demonstrated by Plant et al (2003), the targeting of y-secretase
can elicit neurotoxic effects due to its influence on the processing of other essential y-
secretase substrates, such as Notch (Strooper 2003), and therefore limiting the practical
usage of this strategy. Another strategy is to promote alpha cleavage, thereby inhibiting
amyloid release by increasing the production of the shorter, more soluble APPa cleavage
fragment. One promising approach is to increase clearance of soluble Ap oligomers and
insoluble plaque deposits from the intercellular space by targeting them with anti-AP

antibodies that enable microglia to facilitate is removal (Bard 2000, Wilcock 2003).

Our findings suggest that Arfé and Arfl, or their downstream signaling proteins,
could potentially be key therapeutic targets for the treatment of Alzheimer’s disease in
the near future. Instead of completely halting the production of AP, we could reduce the
rate at which AP42 is produced. We could accomplish this by interfering with the key
APP trafficking pathway that controls the rate at which APP arrives to the lysosomes for
specific processing into AP42. This would allow clearance mechanisms to stay on par
with amyloid production, thereby preventing progression of AD, all the while ensuring
the beneficial effects associated with maintaining low, physiologically acceptable levels

of Ap. In agreement with this strategy, studies in mice have shown that when amyloid
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clearance overtakes excessive AR production, there was a complete reversal in
Alzheimer’s pathology when AR concentrations returned to endogenously acceptable

levels (Schenk 1999, Hartman 2005, Spires-Jones 2009).

4.6 Conclusions

This study provides evidence for an important mechanism that regulates the
production and secretion of AP42 in neuronal cells. Previous studies in our lab first
revealed a completely novel trafficking pathway that delivered APP from the cell surface
directly to the lysosome. Upon further investigation, we demonstrated that this rapid
APP trafficking mechanism works independently from the early endosome-directed
clathrin and dynamin-dependent endocytosis pathway. We also demonstrate that this
rapid trafficking pathway occurs endogenously in mouse primary cortical neurons. Our
observations highlight the possible role of Arfé in regulating this rapid trafficking
pathway. Disruption of Arfé activity was able to significantly decrease secretion of the
more neurotoxic Ap42 species, but not Ap40. We also provide evidence suggesting a
role for Arfl in regulating the secretion of Ap. Finally, we provide evidence which
suggests that the rapid internalization of APP to lysosomes is inducible through the
application of high antibody concentrations during surface labeling. We suggest a model
whereby factors that increase APP clustering at the cell surface causes the preferential
transport of APP to the lysosome through an Arfé regulated mechanism. This may be
responsible for the production of a significant proportion of the total amount of Ap42.

Alternatively, unclustered APP could be sorted to the early endosomes through a
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dynamin-dependent mechanism, where APP could be preferentially cleaved into the
Ap40 form over Ap42. Secretion of either AP40/42 could be specifically regulated by
Arfl or one of its many downstream signaling partners (Fig. 15). This work reinforces
the idea that APP might function as a receptor for as-of-yet undefined ligands, and
provides further support for the idea of the lysosome as key a source of Ap42. Future
studies will examine the role of downstream effectors of Arf6 on Ap production. We
hope these enlightening findings will enable us to better understand the dynamics and
mechanics of APP trafficking and Ap production. Exploring this mechanism in greater
detail may uncover a promising therapeutic target to be used in the treatment of

Alzheimer’s disease.
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APP clustering

Figure 15. Proposed model of APP trafficking and processing. Clustering of APP
induces its sorting into the Arf6-regulated rapid internalization pathway to the lysosome.
Rapid delivery to lysosomes may preferentially cause APP to be processed into A042.
Alternatively, APP can be internalized through a dynamin-dependent pathway to early
endosomes where it could be preferentially processed into Ap40 over Ap42. Secretion of
APP cleavage products is regulated by Arfl, since inhibition of Arfl activity locks APP
and Ap in endosomes and lysosomes. EE = early endosome. LE = late endosome. L =

lysosome. Red bars = APP.



83

Chapter 5: REFERENCES

Abdulla, Y. H. A plausible function of the prion protein: conjectures and a hypothesis.
Bioessays 23, 456-462, (2001).

Allen, L.A., Aderem A. Molecular definition of distinct cytoskeletal structures involved
in complement- and Fc receptor-mediated phagocytosis in macropahges. J Exp
Med 184, 627-637. (1996)

Andrews N.W. Regulated secretion of conventional lysosomes. Trends Cell Biol.
10(8):316-21.(2000)

Ameson, L.S., Kunz, J., Anderson, R. A. & Traub, L. M. Coupled inositide
phosphorylation and phospholipase D activation initiates clathrin-coat assembly
on lysosomes. J Biol Chem 274, 17794-17805 (1999).

Ashe, K.H. Mechanisms of memory loss in Abeta and tau mouse models. Biochem Soc
Trans. 33, 591-594.(2005)

Bach, A.S., Enjalbert, S., Comunale, F., Bodin, S., Vitale, N., Charrasse, S., Gauthier-
Rouviere, C. ADP-ribosylation factor 6 regulates mammalian myoblast fusion
through phospholipase D1 and phosphatidylinositol 4,5-bisphosphate signaling
pathways. Mol Biol Cell. 21(14), 2412-2424. (2010)

Bard, F., Cannon, C., Barbour, R., Burke, R.L., Games, D., Grajeda, H., Guido, T., Hu,
K., Huang, J., Johnson-Wood, K., Khan, K., Kholodenko, D., Lee, M.,
Lieberburg, 1., Motter, R., Nguyen, M., Soriano, F., Vasquez, N., Weiss, K.,
Welch, B., Seubert, P., Schenk, D., Yednock, T.Peripherally administered

antibodies against amyloid P-peptide enter the central nervous system and reduce



84

pathology in a mouse model of Alzheimer disease. Nature Medicine. 6(8), 916-
919 (2000)

Bashkirov, P.V., Akimov, S.A., Evseev, A.l., Schmid, S.L., Zimmerberg, J., Frolov,
V.A.GTPase cycle of dynamin is coupled to membrane squeeze and release,

leading to spontaneous fission. Cell 135, 1276-1286, (2008).

Beemiller, P., Hoppe, A.D., Swanson, J.A. A phosphatidylinositol-3-kinase-dependent
signal transition regulates ARF1 and ARF6 during Fcgamma receptor-mediated
phagocytosis. PLoS Biol 4(6): el62. (2006).

Bentahir, M., Nyabi, O., Verhamme, J., Tolia, A., Horré, K., Wiltfang, J., Esselmann,

H., De Strooper, B. Presenilin clinical mutations can affect gamma-secretase
activity by different mechanisms. J Neurochem. 96, 732-742. (2006)

Bhagatji, P., Leventis, R., Comeau, J., Refaei, M. & Silvius, J. R. Steric and not
structure-specific ~ factors  dictate  the  endocytic  mechanism  of
glycosylphosphatidylinositol-anchored proteins. J Cell Biol 186, 615-628, (2009).

Bianco C., Griffin F.M. Jr., Silverstein S.C. Studies of the macrophage complement
receptor. Alteration of receptor function upon macrophage activation. J Exp Med
141, 1278-1290.(1975)

Bielinski, D. F., Pyun, H. Y., Linko-Stentz, K., Macara, I. G. & Fine, R. E. Ral and
Rab3a are major GTP-binding proteins of axonal rapid transport and synaptic
vesicles and do not redistribute following depolarization stimulated synaptosomal
exocytosis. Biochim Biophys Acta 1151, 246-256 (1993).

Bolis, A., Corbetta, S., Cioce, A. & de Curtis, I. Differential distribution of Racl and



85

Rac3 GTPases in the developing mouse brain: implications for a role of Rac3 in
Purkinje cell differentiation. Eur J Neurosci 18, 2417-2424 (2003).

Boureux, A., Vignal, E., Faure, S. & Fort, P. Evolution of the Rho family of ras-like
GTPases in eukaryotes. Mol Biol Evol 24, 203-216, (2007).

Bowman, E. P., Uhlinger, D. J. & Lambeth, J. D. Neutrophil phospholipase D is activated
by a membrane-associated Rho family small molecular weight GTP-binding
protein. J Biol Chem 268, 21509-21512 (1993).

Bonanomi, D., E. F. Fomasiero, et al. Identification of a developmentally regulated
pathway of membrane retrieval in neuronal growth cones. J Cell Sci 121(Pt 22):
3757-3769. (2008).

Bonifacino, J.S., Glick, B.S. The mechanisms of vesicle budding and fusion. Cell 116,
153-166(2004)

Braun, V., C. Deschamps, et al. AP-1 and ARF1 control endosomal dynamics at sites of
FcR mediated phagocytosis. Mol Biol Cell 18(12): 4921-4931. (2007).

Brown, F. D., Rozelle, A. L., Yin, H. L., Balia, T. & Donaldson, J. G.
Phosphatidylinositol 4,5-bisphosphate and Arf6-regulated membrane traffic. J
Cell Biol 154, 1007-1017, (2001).

Busciglio J., Lorenzo A. Yankner B. Methological variables in the assessment of beta-
amyloid neurotoxicity. Neurobiol Aging. 267, 546-554 (1992)

Cai, D., Netzer, W.J., Zhong, M., Lin, Y., Du, G., Frohman, M., Foster, D.A., Sisodia,
S.S., Xu, H., Gorelick, F.S., Greengard, P. Presenilin-1 uses phospholipase D1 as
a negative regulator of beta-amyloid formation. Proc Natl Acad Sci U S A 103,

1941-1946, (2006).



86

Cai, X. D., Golde, T. E. & Younkin, S. G. Release of excess amyloid beta protein from a
mutant amyloid beta protein precursor. Science 259, 514-516 (1993).

Caron, E., Hall A. Identification of two distinct mechanisms of phagocytosis controlled
by different Rho GTPases. Science 282, 1717-1721 (1998)

Cataldo, A. M., D. J. Hamilton, et al. Lysosomal abnormalities in degenerating neurons
link neuronal compromise to senile plaque development in Alzheimer disease.
Brain Res 640(1-2): 68-80. (1994).

Cataldo, A. M. and R. A. Nixon Enzymatically active lysosomal proteases are associated
with amyloid deposits in Alzheimer brain. Proc Natl Acad Sci U S A 87(10):
3861-3865.(1990).

Cataldo, A. M., P. A. Paskevich, et al. Lysosomal hydrolases of different classes are
abnormally distributed in brains of patients with Alzheimer disease. Proc Natl
Acad Sci U S A 88(24): 10998-11002. (1991).

Cataldo, A. M., S. Petanceska, et al. Abeta localization in abnormal endosomes:
association with earliest Abeta elevations in AD and Down syndrome. Neurobiol
Aging 25(10): 1263-1272. (2004).

Chadda, R., Howes, M.T., Plowman, S.J., Hancock, J.F., Parton, R.G., Mayor, S.
Cholesterol-sensitive Cdc42 activation regulates actin polymerization for
endocytosis via the GEEC pathway. Traffic 8, 702-717, (2007).

Chen, L., Liao, G., Waclaw, R.R., Bums, K.A., Linquist, D., Campbell, K., Zheng,

Y., Kuan, C.Y. Racl controls the formation of midline commissures and the
competency of tangential migration in ventral telencephalic neurons. J Neurosci

27,3884-3893,(2007).



87

Citron, M., Vigo-Pelfrey, C., Teplow, D.B., Miller, C., Schenk, D., Johnston, J., Winblad,
B., Venizelos, N., Lannfelt, L., Selkoe, D.J. Excessive production of amyloid
beta-protein by peripheral cells of symptomatic and presymptomatic patients
carrying the Swedish familial Alzheimer disease mutation. Proc Natl Acad Sci
USA 91, 11993-11997 (1994).

Claude, A., Zhao, B.P., Kuziemsky, C.E., Dahan, S., Berger, S.J., Yan, J.P., Armold,
A.D., Sullivan, E.M., Melancon, P. GBF1l: A novel Golgi-associated BFA-
resistant guanine nucleotide exchange factor that displays specificity for ADP-
ribosylation factor 5. J. Cell Biol. 146, 71-84 (1999)

Cleary, J.P., Walsh, D.M., Hofmeister, J.J., et al. Natural oligomers of the amyloid-beta
protein specifically disrupt cognitive function. Nat Neurosci. 8(1):79-84. (2005)

Cossec, J.C., Simon, A., Marquer, C., Moldrich, R.X., Leterrier, C., Rossier,

J., Duyckaerts, C., Lenkei, Z., Potier, M.C. Clathrin-dependent APP endocytosis
and Abeta secretion are highly sensitive to the level of plasma membrane
cholesterol. Biochim Biophys Acta 1801, 846-852 (2010).

D'Andrea, M. R., R. G. Nagele, et al. Consistent immunohistochemical detection of
intracellular Dbeta-amyloid42 in pyramidal neurons of Alzheimer's disease
entorhinal cortex. Neurosci Lett 333(3): 163-166. (2002).

Dautry-Varsat A, Ciechanover A, Lodish HF. pH and the recycling of transferrin during
receptormediated endocytosis. Proc Natl Acad Sci USA 80, 2258-2262. (1983)

De Strooper, B. Aph-1, Pen-2, and Nicastrin with Presenilin generate an active gamma-
Secretase complex. Neuron 38, 9-12, (2003).

De Strooper, B. & Annaert, W. Proteolytic processing and cell biological functions of the



88

amyloid precursor protein. J Cell Sci 113 ( Pt 11), 1857-1870 (2000).

Dharmawardhane, S., Schurmann, A., Sells, M.A., Chemoff, J., Schmid, S.L., Bokoch,
G.M. Regulation of macropinocytosis by p21l-activated kinase-1 Mol Biol Cell
11,3341-3352 (2000).

Dickson D.W., Crystal H.A., Bevona C., Honer W., Vincent I., Davies P. Correlations of
synaptic and pathological markers with cognition of the elderly. Neurobiol Aging.
16, 285-298.(1995)

Didsbury, J., Weber, R. F., Bokoch, G. M., Evans, T. & Snyderman, R. rac, a novel ras-
related family of proteins that are botulinum toxin substrates. J Biol Chem 264,
16378-16382 (1989).

Doherty, G. J. & McMahon, H. T. Mechanisms of endocytosis. Annu Rev Biochem 78,
857-902, (2009).

Donaldson, J. G. Multiple roles for Arf6: sorting, structuring, and signaling at the plasma
membrane. J Biol Chem 278, 41573-41576, (2003).

Donaldson, J. G. & Jackson, C. L. ARF family G proteins and their regulators: roles in
membrane transport, development and disease. Nat Rev Mol Cell Biol 12, 362-
375,(2011).

Donaldson, J. G., Porat-Shliom, N. & Cohen, L. A. Clathrin-independent endocytosis: a
unique platform for cell signaling and PM remodeling. Cell Signal 21, 1-6,
(2009).

D'Souza-Schorey, C. & Chavrier, P. ARF proteins: roles in membrane traffic and beyond.
Nat Rev Mol Cell Biol 7, 347-358, (2006).

D’Souza-Schorey, C., Li, G., Colombo, M.1., Stahl, P.D. A regulatory role for ARF6 in



89

receptor-mediated endocytosis. Science 267, 1175-1178 (1995)

Dunn WA, Jr. Studies on the mechanisms of autophagy: maturation of the autophagic
vacuole. J Cell Biol. 110(6): 1935-45.(1990)

Eckman CB, Mehta ND, Crook R, et al. A new pathogenic mutation in the APP gene \
(1716V) increases the relative proportion of A beta 42(43). Hum Mol Genet.
6(12):2087-9 (1997).

Ehehalt, R., Keller, P., Haass, C., Thiele, C. & Simons, K. Amyloidogenic processing of
the Alzheimer beta-amyloid precursor protein depends on lipid rafts. J Cell Biol
160, 113-123,(2003).

Ellis, S. & Mellor, H. Regulation of endocytic traffic by rho family GTPases. Trends Cell
Biol 10, 85-88 (2000).

Ellis WG, McCulloch JR, Corley CL. Presenile dementia in Down's syndrome.
Ultrastructural identity with Alzheimer's disease. Neurology. Feb;24(2):101-
6.1974.

Esch, F.S., Keim, P.S., Beattie, E.C., Blacher, R.W., Culwell, A.R., Oltersdorf, T.,
McClure, D., Ward, P.J. Cleavage of amyloid beta peptide during constitutive
processing of its precursor. Science 248, 1122-1124 (1990).

Feig, L. A. Ral-GTPases: approaching their 15 minutes of fame. Trends Cell Biol 13,
419-425 (2003).

Fensome, A. et al. ARF and PITP restore GTP gamma S-stimulated protein secretion
from cytosol-depleted HL60 cells by promoting PIP2 synthesis. Curr Biol 6, 730-
738,(1996).

Ferreira, A., Caceres, A. & Kosik, K. S. Intraneuronal Compartments of the Amyloid



90

Precursor Protein. Journal of Neuroscience 13, 3112-3123 (1993).

Fra, A. M., Williamson, E., Simons, K. & Parton, R. G. De novo formation of caveolae in
lymphocytes by expression of VIP21-caveolin. Proc Natl Acad Sci USA 92,
8655-8659 (1995).

Gamblin, T.C., Chen, F., Zambrano, A., Abraha, A., Lagalwar, S., Guillozet, A.L., Lu,
M., Fu, Y., Garcia-Sierra, F., LaPointe, N., Miller, R., Berry, R.W., Binder,
L.l., Cryns, V.L. Caspase cleavage of tau: linking amyloid and neurofibrillary
tangles in Alzheimer's disease. Proc Natl Acad Sci USA 100, 10032-10037,
(2003).

Geuze, H. J., Slot, J. W., Strous, G. J., Lodish, H. F. & Schwartz, A. L. Intracellular site
of asialoglycoprotein receptor-ligand uncoupling: double-label immunoelectron
microscopy during receptor-mediated endocytosis. Cell 32, 277-287 (1983).

Ghribi, O., Larsen, B., Schrag, M. & Herman, M. M. High cholesterol content in neurons
increases BACE, beta-amyloid, and phosphorylated tau levels in rabbit
hippocampus. Exp Neurol 200, 460-467, (2006).

Gaietta G, Deerinck TJ, Adams SR, et al. Multicolor and electron microscopic imaging of
connexin trafficking. Science. 296(5567):503-7. (2002)

Gillingham, A. K. & Munro, S. The small G proteins of the Arf family and their
regulators. Annu Rev Cell Dev Biol 23, 579-611, (2007).

Gimbel DA, Nygaard HB, Coffey EE, et al. Memory impairment in transgenic Alzheimer
mice requires cellular prion protein. J Neurosci. 30(18):6367-74. (2010)

Glabe C. Intracellular mechanisms of amyloid accumulation and pathogenesis in

Alzheimer's disease. J Mol Neurosci. 17(2):137-45. (2001)



91

Glenner, G. G. & Wong, C. W. Alzheimer's disease: initial report of the purification and
characterization of a novel cerebrovascular amyloid protein. Biochem Biophys
Res Commun 120, 885-890 (1984).

Goate A., Chartier-Harlin M.C., Mullan M. et al. Segregation of a missense mutation in
the amyloid precursor protein gene with familial Alzheimer’s disease. Nature.
349, 704-706. (1991)

Gorman, P. M., S. Kim, et al. Dimerization of the transmembrane domain of amyloid
precursor proteins and familial Alzheimer's disease mutants. BMC Neurosci 9:
17. (2008).

Gouras, G. K., J. Tsali, et al. Intraneuronal Abeta42 accumulation in human brain. Am J
Pathol 156(1): 15-20. (2000).

Gralle, M., Botelho, M. G. & Wouters, F. S. Neuroprotective secreted amyloid precursor
protein acts by disrupting amyloid precursor protein dimers. J Biol Chem 284,
15016-15025,(2009).

Grimm, M.O., H.S. Grimm, I. Tomic, K. Beyreuther, T. Hartmann, and C. Bergmann
Independent inhibition of Alzheimer disease beta- and gamma- secretase cleavage
by lowered cholesterol levels. J Biol Chem. 283:11302-11311. (2008)

Gyure, K. A., R. Durham, et al. Intraneuronal abeta-amyloid precedes development of
amyloid plaques in Down syndrome. Arch Pathol Lab Med 125(4): 489-492.
(2001).

Hamid, R., Kilger, E., Willem, M., Vassallo, N., Kostka, M., Bomhovd, C., Reichert,



92

A. S., Kretzschmar, H.A., Haass, C.,Herms, J.  Amyloid precursor protein
intracellular domain modulates cellular calcium homeostasis and ATP content. J
Neurochem. 102, 1264-1275. (2007)

Haass, C., Hung, A. Y., Selkoe, D. J. & Teplow, D. B. Mutations associated with a locus
for familial Alzheimer's disease result in alternative processing of amyloid beta-
protein precursor. J Biol Chem 269, 17741-17748 (1994).

Haass, C., Koo, E. H., Mellon, A., Hung, A. Y. & Selkoe, D. J. Targeting of cell-surface
beta-amyloid precursor protein to lysosomes: alternative processing into amyloid-
bearing fragments. Nature 357, 500-503, (1992).

Haass, C., Schlossmacher, M.G., Hung, A.Y., Vigo-Pelfrey, C., Mellon, A., Ostaszewski,
B. L., Lieberburg, I., Koo, E.H., Schenk, D., Teplow, D.B. Amyloid beta-peptide
is produced by cultured cells during normal metabolism. Nature 359, 322-325,
(1992).

Haga, Y., Miwa, N., Jahangeer, S., Okada, T. & Nakamura, S. CtBPI/BARS is an
activator of phospholipase D1 necessary for agonist-induced macropinocytosis.
Embo J 28, 1197-1207, (2009).

Hammond, D.N., Wainer B.H., Tonsgard J.H., Heller A. Neuronal properties of clonal
hybrid cell lines derived from central cholintergic neurons. Science. 234:1237-
1240.(1986)

Hammond, S.M., Altshuller, Y.M., Sung, T.C., Rudge, S.A., Rose, K., Engebrecht, J.,
Morris, A.J., Frohman, M.A. Human ADP-ribosylation factor-activated
phosphatidylcholine-specific phospholipase D defines a new and highly

conserved gene family. J Biol Chem 270, 29640-29643 (1995).



93

Hardy, J. & Selkoe, D. J. The amyloid hypothesis of Alzheimer's disease: progress and
problems on the road to therapeutics. Science 297, 353-356, (2002).

Hartley D.M., Walsh D.M., Ye C.P., Diehl T., Vasquez S., Vassilev P.M., Teplow D.B.,
Selkoe D.J. Protofibrillar intermediates of amyloid beta-protein induce acute
electrophysiological changes and progressive neurotoxicity in cortical neurons. J
Neurosci. 19, 8876-8884.

Hartman, R.E., lzumi, Y., Bales, K.R., Paul, S.M., Wozniak, D.F., Holtzman, D.M.
Treatment with an amyloid-beta antibody ameliorates plaque load, learning
deficits, and hippocampal long-term potentiation in a mouse model of Alzheimer's
disease. J Neurosci 25, 6213-6220, (2005).

Hashimoto, M., Hossain, S., Agdul, H. & Shido, O. Docosahexaenoic acid-induced
amelioration on impairment of memory learning in amyloid beta-infused rats
relates to the decreases of amyloid beta and cholesterol levels in detergent-
insoluble membrane fractions. Biochim Biophys Acta 1738, 91-98, (2005).

Heasman, S. J. & Ridley, A. J. Mammalian Rho GTPases: new insights into their
functions from in vivo studies. Nat Rev Mol Cell Biol 9, 690-701, (2008).

Hebert LE, Scherr PA, Beckett LA, et al. Age-specific incidence of Alzheimer's disease
in a community population. Jama. 273(17): 1354-9. (1995)

Herreros, J., Ng, T. & Schiavo, G. Lipid rafts act as specialized domains for tetanus toxin
binding and internalization into neurons. Mol Biol Cell 12, 2947-2960 (2001).

Hewlett, L. J., A. R. Prescott, et al. The coated pit and macropinocytic pathways serve
distinct endosome populations. J Cell Biol 124(5): 689-703. (1994).

Holmes KD, Babwah AV, Dale LB, Poulter MO, Ferguson SS. Differential regulation of



94

corticotropin releasing factor lalpha receptor endocytosis and trafficking by beta-
arrestins and Rab GTPases. J Neurochem. 96(4):934-49. (2006)

Hsiao K. Transgenic mice expressing Alzheimer amyloid precursor proteins. Experl
Gerontol. 33,883-889.(1998)

Huang, P. & Frohman, M. A. The potential for phospholipase D as a new therapeutic
target. Expert Opin Ther Targets 11, 707-716, (2007).

Hutcheon B, Brown LA, Poulter MO. Digital analysis of light microscope
immunofluorescence: high-resolution co-localization of synaptic proteins in
cultured neurons. J Neurosci Methods. 96(1): 1-9. (2000)

Hutcheon B, Fritschy JM, Poulter MO. Organization of GABA receptor alpha-subunit
clustering in the developing rat neocortex and hippocampus. Eur J Neurosci.
19(9):2475-87. (2004)

Hung, A. Y., Koo, E. H., Haass, C. & Selkoe, D. J. Increased expression of beta-amyloid
precursor protein during neuronal differentiation is not accompanied by secretory
cleavage. Proc Natl Acad Sei USA 89, 9439-9443 (1992).

Inouye, H. and D. A. Kirschner A beta fibrillogenesis: kinetic parameters for fibril
formation from congo red binding. J Struct Biol 130(2-3): 123-129. (2000).

Jaiswal J.K., Andrews N.W., Simon S.M. Membrane proximal lysosomes are the major
vesicles responsible for calcium-dependent exocytosis in nonsecretory cells. J
Cell Biol. 159(4):625-35. (2002)

Jaworski, J. ARF6 in the nervous system. Eur J Cell Biol 86(9): 513-524. (2007).

Jenkins, G. M. & Frohman, M. A. Phospholipase D: a lipid centric review. Cell Mol Life

Sei 62, 2305-2316, (2005).



95

Ji, Z.S., Miranda, R.D., Newhouse, Y.M., Weisgraber, K.H., Huang, Y., Mahley, R.W.
Apolipoprotein E4 potentiates amyloid beta peptide-induced lysosomal leakage
and apoptosis in neuronal cells. J Biol Chem 277,21821-21828, (2002).

Jones, D. H., Bax, B., Fensome, A. & Cockcroft, S. ADP ribosylation factor 1 mutants
identify a phospholipase D effector region and reveal that phospholipase D
participates in lysosomal secretion but is not sufficient for recruitment of
coatomer I. Biochem J 341 (Pt 1), 185-192 (1999).

Jovic, M., Sharma, Mahak., Rahajeng, J., Caplan, S. The early endosome: a busy sorting
station for proteins at the crossroads. Histol Histopathol. 25, 99-119. (2010)
Kabayama H. et al. Ca2+ induces macropinocytosis via F-actin depolymerization
during growth cone collapse. Molecular and Cellular Neuroscience. 40(1), 27-38.
(2009)

Kang, Y. S., Zhao, X., Lovaas, J., Eisenberg, E. & Greene, L. E. Clathrin-independent
internalization of normal cellular prion protein in neuroblastoma cells is
associated with the Arfé pathway. J Cell Sci 122, 4062-4069, (2009).

Katzman R. Alzheimer’s disease. N Engl J Med. 314, 964-973. (1986)

Kerr, M. C. & Teasdale, R. D. Defining macropinocytosis. Traffic 10, 364-371, (2009).

Kahn, R.A., Cherfils, J., Elias, M., Lovering, R.C., Munro, S., Schurmann, A.
Nomenclature for the human Arf family of GTP-binding proteins: ARF, ARL,
and SAR proteins. J. Cell Biol. 172, 645-650 (2006)

Kim, W. & Hecht, M. H. Sequence determinants of enhanced amyloidogenicity of
Alzheimer Ap42 peptide relative to A(340. J Biol Chem 280, 35069-35076,

(2005).



96

Kimberly, W.T., Zheng, J.B., Guenette, S.Y., Selkoe, D.J. The intracellular domain of the
P-amyloid precursor protein is stabilized by Fe65 and translocates to the nucleus
in a notch-like manner. J Biol Chem. 278, 40288-40292. (2001)

Kirchhausen, T. Clathrin. Annu Rev Biochem 69, 699-727 (2000).

Kirkham, M., Fujita, A., Chadda, R., Nixon, S.J., Kurzchalia, T.V., Sharma, D.K.,
Pagano, R.E., Hancock, J.F., Mayor, S., Parton, R.G. Ultrastructural identification
of uncoated caveolin-independent early endocytic vehicles. J Cell Biol 168, 465-
476, (2005).

Knops, J., Suomensaari, S., Lee, M., McConlogue, L., Seubert, P., Sinha, S. Cell-type
and amyloid precursor protein-type specific inhibition of A beta release by
bafilomycin Al, a selective inhibitor of vacuolar ATPases. J Biol Chem 270,
2419-2422 (1995).

Koch, T., Brandenburg, L.O., Schulz, S., Liang, Y., Klein, J., Hollt, V. ADP-ribosylation
factor-dependent phospholipase D2 activation is required for agonist-induced mu-
opioid receptor endocytosis. J Biol Chem 278, 9979-9985, (2003).

Koenig, J. H. & Ikeda, K. Disappearance and reformation of synaptic vesicle membrane
upon transmitter release observed under reversible blockage of membrane
retrieval. J Neurosci 9, 3844-3860 (1989).

Kolpak, A.L., Jiang, J., Guo, D., Standley, C., Bellve, K., Fogarty, K., Bao, Z.Z. Negative
guidance factor-induced macropinocytosis in the growth cone plays a critical role
in repulsive axon turning. J Neurosci 29, 10488-10498, (2009).

Koo, E. H. & Squazzo, S. L. Evidence that production and release of amyloid beta-

protein involves the endocytic pathway. J Biol Chem 269, 17386-17389 (1994).



97

Kumari, S., Borroni, V., Chaudhry, A., Chanda, B., Massol, R., Mayor, S., Barrantes, F.J.
Nicotinic acetylcholine receptor is internalized via a Rac-dependent, dynamin-
independent endocytic pathway. J Cell Biol 181, 1179-1193, (2008).

Kumari, S. & Mayor, S. ARF1 is directly involved in dynamin-independent endocytosis.
Nat Cell Biol 10, 30-41,(2008).

Kumari, S., Mg, S. & Mayor, S. Endocytosis unplugged: multiple ways to enter the cell.
Cell Res 20, 256-275,(2010).

Kumar-Singh, S., Theuns, J., Van Broeck, B., Pirici, D., Vennekens, K., Corsmit, E.,
Cruts, M., Dermaut, B., Wang, R., Van Broeckhoven, C. Mean age-of-onset of
familial Alzheimer disease cuased by presenilin mutations correlates with both
increased Abeta42 and decreased Abeta40. Hum Mutat. 27, 686-695. (2006)

Kwak, Y.D., Brannen, C.L., Qu, T., Kim, H.M., Dong, X., Soba, P., Majumdar, A,
Kaplan, A., Beyreuther, K., Sugaya, K. Amyloid precursor protein regulates
differentiation of human neural stem cells. Stem Cells Dev 15, 381-389, (2006).

Lacor PN, Buniel MC, Furlow PW, et al. Abeta oligomer-induced aberrations in synapse
composition, shape, and density provide a molecular basis for loss of connectivity
in Alzheimer's disease. J Neurosci. 27(4):796-807. (2007)

LaFerla, F. M., K. N. Green, et al. Intracellular amyloid-beta in Alzheimer's disease.

Nat Rev Neurosci 8(7): 499-509. (2007).

LaFerla, F. M., J. C. Troncoso, et al. Neuronal cell death in Alzheimer's disease
correlates with apoE uptake and intracellular Abeta stabilization. J Clin Invest
100(2): 310-320. (1997).

Lamaze, C. et al. Interleukin 2 receptors and detergent-resistant membrane domains



98

define a clathrin-independent endocytic pathway. Mol Cell 7, 661-671 (2001).

Lambert M.P., Barlow A.K., Chromy B.A. et al. Diffusible, nonffibrillar ligands derived
from Abetai.42 are potent central nervous system neurotoxins. Proc Natl Acad Sci
USA. 95, 6448-6453. (1998)

Lauren J, Gimbel DA, Nygaard HB, Gilbert JW, Strittmatter SM. Cellular prion protein
mediatesimpairment of synaptic plasticity by amyloid-beta oligomers. Nature.
457(7233): 1128-32 (2009).

Le W.D., Xie W.J., Kong R., Appel S.H. Beta-amyloid-induced neurotoxicity of a hybrid
septal cell line associated with increased tau phosphorylation and expression of
beta-amyloid precursor protein. JNeurochem. 69:978-985 (1997)

LeBlanc, A. C. & Goodyer, C. G. Role of endoplasmic reticulum, endosomal-lysosomal
compartments, and microtubules in amyloid precursor protein metabolism of
human neurons. JNeurochem 72, 1832-1842 (1999).

Lee A., Frank D.W., Marks M.S., Lemmon, M.A. Dominant-negative inhibition of
receptor-mediated endocytosis by a dynamin-1 mutant with a defective pleckstrin
homology domain. Current Biology. 9(5), 261-265. (1999)

Levy E., Carman M., Femandez-Madrid 1.J., Power M.D., Lieberburg I., van Duinen
S.G., Bots G.T.A.M., Luyendijk W. Frangione B. Mutation of the Alzheimer’s
disease amyloid gene in hereditary cerebral hemorrhage, Dutch-type. Science.
248, 1124-1126(1990)

Li A.X., Hudson R.H.E., Barrett J.W., Jones C.K., Pasternak S.H., Bartha R. Four-Pool



99

Modeling of Proton Exchange Processes in Biological Systems in the Presence of
MRI-Paramagnetic Chemical Exchange Saturation Transfer (PARACEST)
Agents. Magnetic Resonance in Medicine.60(5): 1197-206. (2008)

Liberali, P., Kakkonen, E., Turacchio, G., Valente, C., Spaar, A., Perinetti, G.,
Bockmann, R.A., Corda, D., Colanzi, A., Marjomaki, V., Luini, A. The closure of
Pakl-dependent macropinosomes requires the phosphorylation of CtBPI/BARS.
EmboJ 27, 970-981,(2008).

Lichtenthaler, S.F., G. Multhaup, C.L. Masters, and K. Beyreuther. A novel substrate for
analyzing Alzheimer's disease gamma-secretase. FEBS Lett. 453:288-292. (1999)

Liu, Y., Zhang ,Y.W., Wang, X., Zhang, H., You, X., Liao, F.F., Xu, H. Intracellular
trafficking of presenilin 1 is regulated by beta-amyloid precursor protein and
phospholipase DI. J Biol Chem 284, 12145-12152, (2009).

Lorenzen, A., Samosh, J., Vandewark, K., Anborgh, P.H., Seah, C., Magalhaes, A.C.,
Cregan, S.P., Ferguson, S.S., Pasternak, S.H. Rapid and direct transport of cell
surface APP to the lysosome defines a novel selective pathway. Mol Brain 3, 11,
(2010).

Lu, Z., Homia, A., Joseph, T., Sukezane, T., Frankel, P., Zhong, M., Bychenok, S., Xu,
L., Feig, L.A., Foster, D.A. Phospholipase D and RalA cooperate with the
epidermal growth factor receptor to transform 3Y1 rat fibroblasts. Mol Cell Biol
20, 462-467 (2000).

Lue LF, Kuo YM, Roher AE, et al. Soluble amyloid beta peptide concentration as a
predictor of synaptic change in Alzheimer's disease. Am J Pathol. 155(3):853-62.

(1999)



100

Lundmark, R., Doherty, G.J., Howes, M.T., Cortese, K., Vallis, Y., Parton, R.G.,
McMahon, H.T. The GTPase-activating protein GRAF1 regulates the
CLIC/GEEC endocytic pathway. Curr Biol 18, 1802-1808, (2008).

Mach, L. Biosynthesis of lysosomal proteinases in health and disease. Biol Chem 383(5):
751-756. (2002).

Mari, M., Bujny, M.V., Zeuschner, D., Geerts, W.J., Griffith, J., Petersen, C.M., Cullen,
P.J., Klumperman, J., Geuze, H.J. SNX1 defines an early endosomal recycling
exit for sortilin and mannose 6-phosphate receptors. Traffic 9, 380-393, (2008).

Mark, R. J., Lovell, M. A., Markesbery, W. R., Uchida, K. & Mattson, M. P. A role for 4-
hydroxynonenal, an aldehydic product of lipid peroxidation, in disruption of ion
homeostasis and neuronal death induced by amyloid beta-peptide. J Neurochem
68, 255-264 (1997).

Martin, B.R., B.N. Giepmans, S.R. Adams, and R.Y. Tsien. Mammalian cell-based
optimization of the biarsenical-binding tetracysteine motif for improved
fluorescence and affinity. Nat Biotechnol. 23:1308-1314. 2005.

Matsubara, K., Kishida, S., Matsuura, Y., Kitayama, H., Noda, M., Kikuchi, A. Plasma
membrane recruitment of RalGDS is critical for Ras-dependent Ral activation.
Oncogene 18, 1303-1312,(1999).

Mayor, S. & Pagano, R. E. Pathways of clathrin-independent endocytosis. Nat Rev Mol
Cell Biol 8, 603-612, (2007).

McDermott, M., Wakelam, M. J. & Morris, A. J. Phospholipase D. Biochem Cell Biol
82, 225-253, (2004).

McGowan E, Pickford F, Kim J, et al. Abeta42 is essential for parenchymal and vascular



101

amyloid deposition in mice. Neuron. 21;47(2): 191-9. (2005)

McLaurin, J. and A. Chakrabartty, Membrane disruption by Alzheimer beta-amyloid
peptides mediated through specific binding to either phospholipids or
gangliosides. Implications for neurotoxicity. J Biol Chem 271(43): 26482-26489.
(1996).

Melendez, J., Grogg, M. & Zheng, Y. Signaling role of Cdc42 in regulating mammalian
physiology. J Biol Chem 286, 2375-2381, (2011).

Mellman I. Endocytosis and molecular sorting. Annu Rev Cell Dev Biol. 12,575-625.
(1996)

Meziane, H., Dodart, J.C., Mathis, C., Little, S., Clemens, J., Paul, S.M., Ungerer, A
Memory-enhancing effects of secreted forms of the beta-amyloid precursor
protein in normal and amnestic mice. Proc Natl Acad Sei USA 95, 12683-12688
(1998).

Mullan M, Crawford F, Axelman K, et al. A pathogenic mutation for probable
Alzheimer's disease in the APP gene at the N-terminus of beta-amyloid. Nat
Genet. Aug;l(5):345-7 (1992).

Munter, L.M., Botev, A., Richter, L., Hildebrand, P.W., Althoff, V., Weise, C., Kaden,
D., Multhaup, G. Aberrant amyloid precursor protein (APP) processing in
hereditary forms of Alzheimer disease caused by APP familial Alzheimer disease
mutations can be rescued by mutations in the APP GxxxG motif. J Biol Chem
285,21636-21643,(2010).

Munter, L.M., Voigt, P., Harmeier, A., Kaden, D., Gottschalk, K.E., Weise, C., Pipkom,



102

R., Schaefer, M., Langosch, D., Multhaup, G. GxxxG motifs within the amyloid
precursor protein transmembrane sequence are critical for the etiology of
Abeta42. Embo J 26, 1702-1712, (2007).

Murray, M.M., Bernstein, S.L., Nyugen, V., Condron, M.M., Teplow, D.B., Bowers,
M.T. Amyloid p Protein: Ap40 inhibits AP42 oligomerization. J Am Chem Soc
131(18), 6316-6317 (2009)

Naslund J, Haroutunian V, Mohs R, et al. Correlation between elevated levels of amyloid
beta peptide in the brain and cognitive decline. Jama. 22-29;283(12):1571-7.
(2000)

Nevins, A. K. & Thurmond, D. C. Caveolin-1 functions as a novel Cdc42 guanine
nucleotide dissociation inhibitor in pancreatic beta-cells. J Biol Chem 281, 18961-
18972, (2006).

Ninomiya, H., Roch, J. M., Sundsmo, M. P., Otero, D. A. & Saitoh, T. Amino acid
sequence RERMS represents the active domain of amyloid beta/A4 protein
precursor that promotes fibroblast growth. J Cell Biol 121, 879-886 (1993).

Nixon, R. A. Endosome function and dysfunction in Alzheimer's disease and other
neurodegenerative diseases. Neurobiol Aging 26, 373-382, (2005).

Nixon, R. A. Autophagy, amyloidogenesis and Alzheimer’s disease. J Cell Sci. 120,
4081-4091.(2007)

Nobes, C. & Marsh, M. Dendritic cells: new roles for Cdc42 and Rac in antigen uptake?
Curr Biol 10, R739-741 (2000).

Nunan, J., Williamson, N.A., Hill, A.F., Semee, M.F., Masters, C.L., Small, D.H.



103

Proteasome-mediated degradation of the C-terminus of the Alzheimer's disease
beta-amyloid protein precursor: effect of C-terminal truncation on production of
beta-amyloid protein. J Neurosci Res 74, 378-385, (2003).

Oliveira, T.G., Chan, R.B., Tian, H., Laredo, M., Shui, G., Staniszewski, A., Zhang,

H., Wang, L., Kim, T.W., Duff, K.E., Wenk, M.R., Arancio, O., Di Paolo, G.
Phospholipase d2 ablation ameliorates Alzheimer's disease-linked synaptic
dysfunction and cognitive deficits. J Neurosci 30, 16419-16428, (2010).

Oliveira, T. G. & Di Paolo, G. Phospholipase D in brain function and Alzheimer's
disease.Biochim Biophys Acta 1801, 799-805, (2010).

Pasternak, S.H., Bagshaw, R.D., Guiral, M., Zhang, S., Ackerley, C.A., Pak, B.J.,
Callahan, J.W., Mahuran, D.J. Presenilin-1, nicastrin, amyloid precursor protein,
and gamma-secretase activity are colocalized in the lysosomal membrane. J Biol
Chem 278, 26687-26694, (2003).

Pasternak, S. H., Callahan, J. W. & Mahuran, D. J. The role of the endosomal/lysosomal
system in amyloid-beta production and the pathophysiology of Alzheimer's
disease: reexamining the spatial paradox from a lysosomal perspective. J
Alzheimers Dis 6, 53-65 (2004).

Pearse, B. M. Clathrin: a unique protein associated with intracellular transfer of
membrane by coated vesicles. Proc Natl Acad Sci USA 73, 1255-1259 (1976).

Pedersen W.A., Kloczewiak M.A., Blusztajn J.K. Amyloid beta-protein reduces
acetylcholine synthesis in a cell line derived from cholinergic neurons of the basal
forebrain. Proc Natl Acad Sci USA. 93(15):8068-8071 (1996)

Pelkmans, L. & Helenius, A. Endocytosis via caveolae. Traffic 3, 311-320 (2002).



104

Perez, R.G., Soriano, S., Hayes, J.D., Ostaszewski, B., Xia, W., Selkoe, DJ., Chen, X,,
Stokin, G.B., Koo, E.H. Mutagenesis identifies new signals for beta-amyloid
precursor protein endocytosis, turnover, and the generation of secreted fragments,
including Abeta42. J. Biol. Chem. 274, 18851-18856 (1999)

Peters, PJ., Hsu, V.W., Ooi, C.E., Finazzi, D., Teal, S.B., Oorschot, V., Donaldson,

J.G., Klausner, R.D. Overexpression of wild-type and mutant ARF1 and ARF6:
distinct perturbations of nonoverlapping membrane compartments. J. Cell Biol.
128, 1003-1017 (1995)

Pietrzik, C.U., Yoon, |.S., Jaeger, S., Busse, T., Weggen, S., Koo, E.H. FE65 constitutes
the functional link between the low-density lipoprotein receptor-related protein
and the amyloid precursor protein. J Neurosci 24, 4259-4265, (2004).

Pike C.J, Walencewicz A.J., Glabe C.G., Cotman C.W. In vitro aging of beta-amyloid
protein causes peptide aggregation and neurotoxicity. Brain res. 563, 311-314
(1991)

Plant, L. D., Boyle, J. P., Smith, I. F., Peers, C. & Pearson, H. A. The production of
amyloid beta peptide is a critical requirement for the viability of central neurons. J
Neurosci 23, 5531-5535 (2003).

Polzin, A., Shipitsin, M., Goi, T., Feig, L. A. & Turner, T. J. Ral-GTPase influences the
regulation of the readily releasable pool of synaptic vesicles. Mol Cell Biol 22,
1714-1722 (2002).

Porat-Shliom, N., Kloog, Y. & Donaldson, J. G. A unique platform for H-Ras signaling
involving clathrin-independent endocytosis. Mol Biol Cell 19, 765-775, (2008).

Praefcke, G. J. & McMahon, H. T. The dynamin superfamily: universal membrane



105

tubulation and fission molecules? Nat Rev Mol Cell Biol 5, 133-147, (2004).

Pucadyil, T. J. & Schmid, S. L. Real-time visualization of dynamin-catalyzed membrane
fission and vesicle release. Cell 135, 1263-1275, (2008).

Puzzo, D., Privitera, L., Leznik, E., Fa, M., Staniszewski, A., Palmeri, A., Arancio, O.
Picomolar amyloid-beta positively modulates synaptic plasticity and memory in
hippocampus. J Neurosci 28, 14537-14545, (2008).

Reddy, A., Caler, E. V. & Andrews, N. W. Plasma membrane repair is mediated by
Ca(2+)-regulated exocytosis of lysosomes. Cell 106, 157-169 (2001).

Richter, L., Munter, L.M., Ness, J., Hildebrand, P.W., Dasari, M., Unterreitmeier, S.,
Bulic, B., Beyermann, M., Gust, R., Reif, B., Weggen, S., Langosch, D.,
Multhaup, G. Amyloid beta 42 peptide (Abeta42)-lowering compounds directly
bind to Abeta and interfere with amyloid precursor protein (APP) transmembrane
dimerization. Proc Natl Acad Sci U S A 107, 14597-14602, (2010).

Ridley, A. J. Rho GTPases and actin dynamics in membrane protrusions and vesicle
trafficking. Trends Cell Biol 16, 522-529, (2006).

Roch, J.M., Masliah, E., Roch-Levecq, A.C., Sundsmo, M.P., Otero, D.A., Veinbergs, 1.,
Saitoh, T. Increase of synaptic density and memory retention by a peptide
representing the trophic domain of the amyloid beta/A4 protein precursor. Proc
Natl Acad Sci U S A 91, 7450-7454 (1994).

Roth, T. F. & Porter, K. R. Yolk Protein Uptake in the Oocyte of the Mosquito Aedes
Aegypti. L. J Cell Biol 20, 313-332 (1964).

Roux, A., Uyhazi, K., Frost, A. & De Camilli, P. GTP-dependent twisting of dynamin



106

implicates constriction and tension in membrane fission. Nature 441, 528-531,
(2006).

Rozkalne, A., Spires-Jones, T. L., Stem, E. A. & Hyman, B. T. A single dose of passive
immunotherapy has extended benefits on synapses and neurites in an Alzheimer's
disease mouse model. Brain Res 1280, 178-185, (2009).

Saavedra, L., Mohamed, A., Ma, V., Kar, S. & de Chaves, E. P. Internalization of beta-
amyloid peptide by primary neurons in the absence of apolipoprotein E. J Biol
Chem 282, 35722-35732, (2007).

Sallusto, F., M. Celia, et al. Dendritic cells use macropinocytosis and the mannose
receptor to concentrate macromolecules in the major histocompatibility complex
class Il compartment: downregulation by cytokines and bacterial products. J Exp
Med 182(2): 389-400. (1995).

Sannerud, R., Declerck, 1., Peric, A., Raemaekers, T., Menendez, G., Zhou, L., Veerle,
B., Coen, K., Munck, S., De Strooper, B., Schiavo, G., Annaert, W. ADP
ribosylation factor 6 (ARF6) controls amyloid precursor protein (APP) processing
by mediating the endosomal sorting of BACE1. Proc Natl Acad Sci USA,
(2011).

Sapirstein, V. S., Durrie, R., Berg, M. J. & Marks, N. Amyloid precursor protein is
enriched in axolemma and periaxolemmal-myelin and associated clathrin-coated
vesicles. J Neurosci Res 37, 348-358, (1994).

Schenk, D., Barbour, R., Dunn, W., Gordon, G., Grajeda, H., Guido, T., Hu, K., Huang,
J., Johnson-Wood, K., Khan, K., Kholodenko, D., Lee, M., Liao, Z., Lieberburg,

l., Motter, R., Mutter, L., Soriano, F., Shopp, G., Vasquez, N., Vandevert, C,,



107

Walker, S., Wogulis, M., Yednock, T., Games, D., Seubert, P. Immunization with
amyloid-beta attenuates Alzheimer-disease-like pathology in the PDAPP mouse.
Nature 400, 173-177,(1999).

Schneider, A., Rajendran, L., Honsho, M., Gralle, M., Donnert, G., Wouters, F., Hell,
S.W., Simons, M. Flotillin-dependent clustering of the amyloid precursor protein
regulates its endocytosis and amyloidogenic processing in neurons. J Neurosci 28,
2874-2882, (2008).

Schrader-Fischer, G. & Paganetti, P. A. Effect of alkalizing agents on the processing of
the beta-amyloid precursor protein. Brain Res 716, 91-100, (1996).

Sciorra, V.A., Rudge, S.A., Wang, J., McLaughlin, S., Engebrecht, J., Morris, AJ. Dual
role for phosphoinositides in regulation of yeast and mammalian phospholipase D
enzymes. J Cell Biol 159, 1039-1049, (2002).

Selkoe, D. J. Alzheimer's disease is a synaptic failure. Science 298, 789-791, (2002).

Selkoe, D.J., Yamazaki, T., Citron, M., Podlisny, M.B., Koo, E.H., Teplow, D.B., Haass,
C. The role of APP processing and trafficking pathways in the formation of
amyloid beta-protein. Ann. N.Y. Acad. Sci. 777, 57-64 (1996).

Selkoe, D. J. & Wolfe, M. S. Presenilin: running with scissors in the membrane. Cell 131,
215-221,(2007).

Seubert, P., Vigo-Pelfrey, C., Esch, F., Lee, M., Dovey, H., Davis, D., Sinha, S.,
Schlossmacher, M., Whaley, J., Swindlehurst, C. Isolation and quantification of
soluble Alzheimer’s P-peptide from biological Fluids. Nature 359, 325-327
(1992)

Shankar GM, Bloodgood BL, Townsend M, Walsh DM, Selkoe DJ, Sabatini BL. Natural



108

oligomers of the Alzheimer amyloid-beta protein induce reversible synapse loss
by modulating an NMDA-type glutamate receptor-dependent signaling pathway. J
Neurosci. 27(11):2866-75. (2007)

Shankar GM, Li S, Mehta TH, et al. Amyloid-beta protein dimers isolated directly from
Alzheimer's brains impair synaptic plasticity and memory. Nat Med. 14, (8):837-
42. (2008)

Shen, Y., Xu, L. & Foster, D. A. Role for phospholipase D in receptor-mediated
endocytosis. Mol Cell Biol 21, 595-602, (2001).

Shirsat, N. V., Pignolo, R. J., Kreider, B. L. & Rovera, G. A member of the ras gene
superfamily is expressed specifically in T, B and myeloid hemopoietic cells.
Oncogene 5, 769-772 (1990).

Shogomori, H. & Futerman, A. H. Cholera toxin is found in detergent-insoluble
rafts/domains at the cell surface of hippocampal neurons but is internalized via a
raft-independent mechanism. J Biol Chem 276, 9182-9188, (2001).

Shpetner, H. S. & Vallee, R. B. ldentification of dynamin, a novel mechanochemical
enzyme that mediates interactions between microtubules. Cell 59, 421-432
(1989).

Singer, W. D., Brown, H. A., Bokoch, G. M. & Stemweis, P. C. Resolved phospholipase
D activity is modulated by cytosolic factors other than Arf. J Biol Chem 270,
14944-14950(1995).

Slepnev, V. I, Ochoa, G. C., Butler, M. H. & De Camilli, P. Tandem arrangement of the



109

clathrin and AP-2 binding domains in amphiphysin 1 and disruption of clathrin
coat function by amphiphysin fragments comprising these sites. J Biol Chem 275,
17583-17589, (2000).

Smetanin P, Lobak P, Stiff D, Sherman G, Ahmad S. Rising tide: the impact of demetia
in Canada 2008-2038. Report by RiskAnalytica; 2009.

Sondag, C. M. & Combs, C. K. Amyloid precursor protein cross-linking stimulates beta
amyloid production and pro-inflammatory cytokine release in monocytic lineage
cells. J Neurochem 97, 449-461, (2006).

Soreghan, B., Kosmoski, J. & Glabe, C. Surfactant properties of Alzheimer's A beta
peptides and the mechanism of amyloid aggregation. J Biol Chem 269, 28551-
28554 (1994).

Spano, S., Silletta, M.G., Colanzi, A., Alberti, S., Fiucci, G., Valente, C., Fusella,
A., Salmona, M., Mironov, A., Luini, A., Corda, D. Molecular cloning and
functional characterization of brefeldin A-ADP-ribosylated substrate. A novel
protein involved in the maintenance of the Golgi structure. J Biol Chem 274,
17705-17710 (1999).

Spires-Jones, T.L., Mielke, M.L., Rozkalne, A., Meyer-Luehmann, M., de Calignon,
A., Bacskai, B.J., Schenk, D., Hyman, B.T. Passive immunotherapy rapidly
increases structural plasticity in a mouse model of Alzheimer disease. Neurobiol
Dis 33, 213-220, (2009).

Stahelin, R.V., Ananthanarayanan, B., Blatner, N.R., Singh, S., Bruzik, K.S., Murray,
D., Cho, W. Mechanism of membrane binding of the phospholipase D1 PX

domain. J Biol Chem 279, 54918-54926, (2004).



110

Stinchcombe J.C., Griffiths G.M. Regulated secretion from hemopoietic cells. J Cell Biol.
147(1): 1-6. (1999)

Straus, W. Isolation and biochemical properties of droplets from the cells of rat kidney. J
Biol Chem 207, 745-755 (1954).

Su, Y. & Chang, P. T. Acidic pH promotes the formation of toxic fibrils from beta-
amyloid peptide. Brain Res 893, 287-291 (2001).

Sugars, J. M., Cellek, S., Manifava, M., Coadwell, J. & Ktistakis, N. T. Hierarchy of
membrane-targeting signals of phospholipase D1 involving lipid modification of a
pleckstrin homology domain. J Biol Chem 277, 29152-29161, (2002).

Sung, T. C., Altshuller, Y. M., Morris, A. J. & Frohman, M. A. Molecular analysis of
mammalian phospholipase D2. J Biol Chem 274, 494-502 (1999).

Sung, T.C., Altshuller, Y.M., Morris, A.J., Frohman, M.A. Mutagenesis of phospholipase
D defines a superfamily including a trans-Golgi viral protein required for
poxvirus pathogenicity. Embo J 16, 4519-4530, (1997).

Swanson, J. A. Shaping cups into phagosomes and macropinosomes. Nat Rev Mol Cell
Biol 9, 639-649, (2008).

Taguchi, Y., Shi, Z-D., Ruddy, B., Dorward, D.W., Greene, L. & Baron, G.S. Specific
biarsenical labeling of cell surface proteins allows fluorescent- and biotin-tagging
of amyloid precursor protein and prion proteins. Mol Biol Cell. 20, 233-244.
(2009)

Takahashi, R. H., T. A. Milner, et al. Intraneuronal Alzheimer abetad2 accumulates in
multivesicular bodies and is associated with synaptic pathology. Am J Pathol

161(5):1869-1879. (2002).



Takatsu, H., Yoshino, K., Toda, K., Nakayama, K. GGA proteins associate with Golgi
membranes through interaction between their GGAH domains and ADP-
ribosylation factors. Biiochem J. 365, 369-378 (2002)

Takei, K., Yoshida, Y. & Yamada, H. Regulatory mechanisms of dynamin-dependent
endocytosis. J Biochem 137, 243-247, (2005).

Tam, H. J. and S. H. Pasternak Amyloid and Alzheimer’s Disease: Inside and Out. Can
J Neurol Sci: In Press. (2011).

Thinakaran, G. & Koo, E. H. Amyloid precursor protein trafficking, processing, and
function. J Biol Chem 283, 29615-29619, (2008).

Tian, X., Rusanescu, G., Hou, W., Schaffhausen, B. & Feig, L. A. PDK1 mediates
growth factor-induced Ral-GEF activation by a kinase-independent mechanism.
Embo J 21, 1327-1338, (2002).

Toyomura, T., Murata, Y., Yamamoto, A., Oka, T., Sun-Wada, G.H., Wada, Y., Futai, M.
From lysosomes to the plasma membrane: localization of vacuolar-type H+ -
ATPase with the a3 isoform during osteoclast differentiation. J Biol Chem 278,
22023-22030, (2003).

Underhill, D. M. & Ozinsky, A. Phagocytosis of microbes: complexity in action. Annu
Rev Immunol 20, 825-852, (2002).

van Dam, E. M. & Robinson, P. J. Ral: mediator of membrane trafficking. IntJ Biochem
Cell Biol 38, 1841-1847, (2006).

van der Bliek, A. M. et al. Mutations in human dynamin block an intermediate stage in
coated vesicle formation. J Cell Biol 122, 553-563 (1993).

van Meel, E. & Klumperman, J. Imaging and imagination: understanding the endo-



112

lysosomal system. Histochem Cell Biol 129, 253-266, (2008).

Vetrivel, K.S., Thinakaran, G. Amyloidogenic processing of beta-amyloid precursor
protein in intracellular compartments. Neurology 66, S69-S73 (2006)

von Rotz, R.C., Kohli, B.M., Bosset, J., Meier, M., Suzuki, T., Nitsch, R.M., Konietzko,
U. The APP intracellular domain forms nuclear multiprotein complexes and
regulates the transcription of its own precursor. J Cell Sci. 117, 4435-4448.
(2004)

Walsh, D. M. & Selkoe, D. J. A beta oligomers - a decade of discovery. J Neurochem
101, 1172-1184, (2007).

Walter, J. Phosphorylation regulates intracellular trafficking of beta-secretase. J. Biol.
Chem. 276, 14634-14641 (2001)

Wang, H. et al. Presenilins and gamma-secretase inhibitors affect intracellular trafficking
and cell surface localization of the gamma-secretase complex components. J.
Biol. Chem. 279, 40560-40566 (2004)

Waschuk, S. A., E. A. Elton, et al. Cellular membrane composition defines A beta-lipid
interactions. J Biol Chem 276(36): 33561-33568. (2001).

Wennerberg, K. & Der, C. J. Rho-family GTPases: it's not only Rac and Rho (and I like
it). J Cell Sci 117, 1301-1312, (2004).

Wilcock, D.M., DiCarlo, G., Henderson, D., Jackson, J., Clarke, K., Ugen, K.E., Gordon,
M.N., Morgan, D. Intracranially administered anti-Ap antibodies reduce P-
amyloid deposition by mechanisms both independent of and associated with
microglial activation. J Neurosci 23(9), 3745-3751. (2003)

Wolfe MS. When loss is gain: reduced presenilin proteolytic function leads to increased



113

Abetad2/Abeta40. Talking Point on the role of presenilin mutations in Alzheimer
disease. EMBO Rep. 8(2): 136-40. (2007)

Wu, J.C., Chen, T.Y., Yu, C.T., Tsai, S.J., Hsu, J.M., Tang, M.J., Chou, C.K., Lin,

W.J., Yuan, C.J., Huang, C.Y. ldentification of V23RalA-Serl94 as a critical
mediator for Aurora-A-induced cellular motility and transformation by small pool
expression screening. J Biol Chem 280, 9013-9022, (2005).

Yamazaki T, Koo EH, Selkoe DJ. Trafficking of cell-surface amyloid beta-protein
precursor. Il. Endocytosis, recycling and lysosomal targeting detected by
immunolocalization. J Cell Sci. 109(Pt 5):999-1008. 1996

Yanagisawa, K., A. Odaka, et al. GM1 ganglioside-bound amyloid beta-protein (A beta):
a possible form of preamyloid in Alzheimer's disease. Nat Med 1(10): 1062-1066.
(1995).

Yang, A. J., D. Chandswangbhuvana, et al. Loss of endosomal/lysosomal membrane
impermeability is an early event in amyloid Abetal-42 pathogenesis. J Neurosci
Res 52(6): 691-698.(1998).

Yang AJ, Chandswangbhuvana D, Shu T, Henschen A, Glabe CG. Intracellular
accumulation of insoluble, newly synthesized abetan-42 in amyloid precursor
protein-transfected cells that have been treated with Abetal-42. J Biol Chem.
274(29):20650-6. (1999)

Yip CM, McLaurin J. Amyloid-beta peptide assembly: a critical step in fibrillogenesis
and membrane disruption. Biophys J. 80(3): 1359-71 (2001).

Zakharenko, S., Chang, S., O'Donoghue, M. & Popov, S. V. Neurotransmitter secretion



114

along growing nerve processes: comparison with synaptic vesicle exocytosis. J
Cell Biol 144, 507-518(1999).
Zhang, Y. W., Thompson, R., Zhang, H. & Xu, H. APP processing in Alzheimer's

disease. Mol Brain 4, 3, (2011).



	ARF6 CONTROLS LYSOSOMAL TRANSPORT OF APP AND Ap42 PRODUCTION
	Recommended Citation

	tmp.1617733568.pdf.F0hwt

