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Alzheimer's disease (AD) is the most common form of age-related
dementia. Our current understanding of AD pathogenesis is largely based on
data from cases of relatively rare early-onset forms of the disease, collectively
known as familial AD (FAD). FAD is associated with discrete mutations in three
genes: PSEN1 and PSENZ2, which encode the presenilin proteins, and APP,
which encodes the amyloid precursor protein (APP). Several hypotheses exist for
the pathogenesis of AD. According to the amyloid cascade hypothesis, AD
pathogenesis is associated with a series of molecular events which leads to the
aggregation and deposition of specific proteolytic fragments of APP. There is
also evidence that disruption of intracellular calcium homeostasis contributes to
AD pathogenesis, especially in cases of FAD related to PSEN mutations.
However, important questions remain unanswered regarding the pathogenesis of
AD, and thus, research has increasingly focused on identifying new genetic
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associations with late-onset AD with the hope that they will shed some light on
disease mechanisms. Recently, the gene encoding ubiquilin was shown to be
associated with late-onset AD, but the molecular mechanism by which the
ubiquilin protein contributes to disease pathogenesis is still unclear. We sought to
determine: 1) whether disruption of intracellular calcium homeostasis is a
common causal factor in all forms of FAD, and 2) the mechanisms by which the
ubiquilin protein contributes to the pathogenesis of late-onset AD. Using calcium
imaging techniques, we show that FAD-linked mutations in APP do not directly
perturb intracellular calcium homeostasis, suggesting that disruption of calcium is
not an initiating event in the development of all forms of AD. Using biochemical
and cellular approaches, we determined that ubiquilin directly interacts with APP
and regulates its trafficking and proteolytic processing. Furthermore, we show
that ubiquilin possesses molecular chaperone activity and prevents the
aggregation of APP. Examination of post-mortem brain tissue from AD revealed
decreased ubiquilin protein levels, suggesting that the pathogenesis of late-onset
AD is related to alterations in APP trafficking and quality control. Our results point
to the restoration of ubiquilin protein level and/or function as therapeutic targets

for AD.
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Chapter 1: Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder
characterized by deterioration of cognitive abilities. AD is the most common
cause of dementia in the western world. Approximately 5.3 million people in the
United States suffer from AD, which currently affects one in eight individuals over
the age of 65 (Alzheimer's Association 2009). As the population ages, the
prevalence of age-related dementias like AD is expected to increase. It is
estimated that by 2030, there will be a 50% increase in the number of AD
patients aged 65 and over (Hebert et al. 2003). The direct and indirect healthcare
and business-related costs associated with caring for persons with dementia
amounted to over 148 billion dollars in 2005, and these costs will also continue to
rise as more people are diagnosed with AD. There are several FDA-approved
treatments for AD, which include cholinesterase inhibitors and N-methyl-D-
aspartate (NMDA) glutamate receptor antagonists; however, these treatments
only provide temporary symptomatic relief for a fraction of AD sufferers and do
not ultimately slow the progression of the disease. Therefore, it is important to
elucidate the mechanisms of disease pathogenesis and to identify new
therapeutic targets for the treatment of AD.

The areas of the brain most affected in patients with AD are those which
contain neural networks that are critical for learning and memory. In later stages
of the disease, there is often widespread degeneration throughout the cerebral
cortex that may be accompanied by defects in motor function and psychiatric
symptoms. The brains of AD patients contain extracellular amyloid plaques and
intracellular neurofibrillary tangles, which are associated with neuronal loss
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(Kumar et al. 2009). This neurodegeneration is evident earliest in the entorhinal
cortex, and later in the hippocampus and neocortex (Kandel et al. 2000; Fauci et
al. 2008; Kumar et al. 2009).

The diagnosis of AD remains largely one of exclusion. AD can be clinically
diagnosed according to one of two major sets of criteria: 1) the Diagnostic and
Statistical Manual, 4" Ed. (DSM-IV) criteria (First 2000), and 2) the National
Institute of Neurological and Communicative Disorders and Stroke — Alzheimer’s
Disease and Related Disorders Association (NINCDS-ARDRA) criteria (McKhann
et al. 1984) (Table 1.1). Both of these sets of guidelines have a high sensitivity
for the diagnosis of AD at the expense of specificity (Knopman et al. 2001). A
definitive diagnosis of AD requires histopathological evidence of AD-specific
neuropathological lesions, which include extracellular neuritic plaques and
intracellular neurofibrillary tangles. The Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD) criteria (Mirra et al. 1991; Mirra et al. 1993)
involve assigning a neuritic plaque density score for each of three histological
sections representing middle frontal, superior and middle temporal, and inferior
parietal neocortex and correlating this score with the patient’s age to obtain an
age-related plaque score. Since amyloid plaque pathology increases in normal
aging, a higher plaque density is required to verify the diagnosis of AD with
increasing patient age. The NIA/Reagan consensus criteria (Hyman and
Trojanowski 1997) combine the CERAD criteria with an assessment of the
neurofibrillary tangle pathology according to the staging criteria set forth by Braak

and Braak (1991).



Table 1.1: National Institute of Neurological and Communicative Disorders and
Stroke — Alzheimer’s Disease and Related Disorders Association
(NINCDS-ADRDA) criteria for the diagnosis of AD.

‘Probable” AD:
- Dementia established by clinical exam/Mini-mental State Examination
(MMSE) and confirmed with neuropsychological tests
- Decline in memory and at least one non-memory intellectual function
- Decline from a previous level and continuing progression
- Onset between 40 and 90 years of age
- No disturbance in consciousness
- Absence of other disorders or diseases that could explain deficits

‘Possible” AD:
- Dementia syndrome that varies clinically from typical AD, but has no
known other cause
- Existence of a second disorder that is sufficient to produce dementia, but
is not considered the cause of the dementia
- Single gradually progressive cognitive deficit in the absence of any other
cause

“Definite” AD:
- Clinical criteria of probable AD
- Histopathological evidence of AD at postmortem or biopsy

McKhann, et al. (1984) Clinical diagnosis of Alzheimer's disease: report of the
NINCDS-ADRDA Work Group under the auspices of Department of Health and
Human Services Task Force on Alzheimer's Disease. Neurology 34(7):939-944.




The exact cause of neuronal degeneration in AD is unclear. However,
according to the amyloid cascade hypothesis, AD pathogenesis is associated
with a series of molecular events which leads to the aggregation and deposition
of specific proteolytic fragments of the amyloid precursor protein (APP). These
aggregated protein fragments constitute the core of senile neuritic plaques, a

pathologic hallmark of AD.

ALZHEIMER’S DISEASE PATHOGENESIS

Amyloid Cascade Hypothesis

In 1907, Alois Alzheimer published a case report in which he described
the symptoms and pathognomic lesions of the disease that would eventually bear
his name. In his report, Alzheimer described what are now referred to as senile
plaques and neurofibrillary tangles in the post-mortem brain of a patient who had
suffered from progressive dementia (Alzheimer 1907; Alzheimer et al. 1995).
Many years later, in 1984, Glenner and Wong isolated and purified amyloid 3
(AB), the core constituent of senile plaques, from the cerebral vasculature of AD
brain tissue (Glenner and Wong 1984). The discovery of AB and the subsequent
discovery of the gene encoding its precursor, APP, formed the basis of what is
stil the predominant theory of AD pathogenesis, the amyloid cascade
hypothesis, which postulates that AR production and aggregation are critical
initiating events in the development of AD. While there is still debate over the
nature of the offending aggregate, the current body of research offers convincing
evidence that APP and its proteolytic products are central to AD pathogenesis.

Therefore, elucidating the molecular events involved in modulating the proteolytic



processing of APP may provide valuable information for understanding AD
pathogenesis.

APP is a ubiquitously-expressed type | transmembrane protein. APP pre-
mRNA is alternatively spliced within the sequence encoding the extracellular
region to produce three proteins of differing lengths: APP770, APP751, and APPggs,
which is the predominant isoform in neurons. The exact physiological function of
APP is yet unknown; however, several putative roles have been suggested,
including cell migration, cell adhesion, cell proliferation, and vesicle trafficking
(De Strooper and Annaert 2000; Kamal et al. 2000; Kerr and Small 2005;
Reinhard et al. 2005; Gralle and Ferreira 2007). There is emerging evidence for a
role for APP in the modulation of gene transcription (Cao and Sudhof 2001; von
Rotz et al. 2004; Muller et al. 2008).

APP matures through the secretory pathway, where it undergoes classical
N- and O-linked glycosylation during transit through the endoplasmic reticulum
(ER) and Golgi apparatus, respectively (Weidemann et al. 1989; De Strooper and
Annaert 2000; Suzuki et al. 2006). Evidence suggests that a substantial
proportion of newly-synthesized full-length APP is degraded intracellularly, most
likely in lysosomes, while a significantly smaller proportion is transported to the
cell surface (Caporaso et al. 1992; Knops et al. 1992; De Strooper and Annaert
2000). The half-life of the APP holoprotein at the plasma membrane is short — on
the order of minutes — after which it is either proteolytically cleaved at the
membrane or recycled through the endocytic pathway (Small and Gandy 2006),
where it can also come into contact with proteolytic enzymes.

In normal physiology, APP is cleaved by a series of enzymes, called

secretases, which generate proteolytic products of various lengths (Fig. 1.1). The
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principal cleavage event is by a-secretase, which generates a large soluble
ectodomain (APPs) that is secreted into the extracellular space and a C-terminal
fragment (C83). Several enzymes in the ADAM (a disintegrin and
metalloprotease) family have been shown to function as a-secretases; however,
the proportional contribution of each enzyme in the central nervous system is
unknown (De Strooper et al. 2010). Since a-cleavage occurs within the AR
peptide sequence, processing of APP by a-secretase precludes AB production
and is thus, non-amyloidogenic. In an alternate processing pathway, holo-APP
can be cleaved by B-secretase (B-site APP cleaving enzyme; BACE1), resulting
in the production of a secreted ectodomain and the membrane-associated C99
fragment. Subsequent cleavage of C99 by y-secretase produces the AR peptide
and an intracellular domain (AICD) that is released from the membrane into the
cytosol. The various secretase enzymes are plausible therapeutic targets for AD.
However, y-secretase activity is required for the processing and activation of
numerous other critical proteins, including Notch, making it relatively unviable as
a target for pharmaceutical inhibitors. Nevertheless, there are several ongoing
trials involving secretase-targeting therapies for AD, some of which aim to
selectively inhibit the y-secretase cleavage of APP without affecting other target
substrates (De Strooper et al. 2010).

Generation of the AB peptide has been shown to occur in many places
within the cell, including the ER, trans-Golgi network, the plasma membrane, and
endosomes (Cook et al. 1997; Daw et al. 2000; Small and Gandy 2006; Vetrivel
and Thinakaran 2006). The y-secretase cleaves at several different sites within
APP, generating AB peptides of various lengths. There are two predominant

forms of AR that differ in length by two residues, AB4o and AB42. AB42 is more
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prone to aggregation and is considered to be more cytotoxic than the shorter AR
species, and all investigated familial AD-linked mutations that affect y-secretase
lead to an increase in the relative amount of AB42 (Borchelt et al. 1996; Scheuner
et al. 1996; Citron et al. 1997).

The highly conserved YENPTY (single amino acid code) sequence
located in the cytoplasmic domain of APP functions as an internalization signal
for endocytic trafficking. Deletion or mutation of this sequence leads to an
increase in plasma membrane-associated APP and a significant decrease in AR
production (Lai et al. 1995; Perez et al. 1999; De Strooper and Annaert 2000;
Kerr and Small 2005), suggesting that the endocytic pathway is a major path for
AB generation. Interestingly, one study (Perez et al. 1999) showed that the C-
terminal tyrosine of the YENPTY sequence was important for regulating APP
turnover. When this residue was mutated, cells showed a significant increase in
APP half-life and a significantly greater ratio of mature to immature full-length
APP. One explanation for this is that mutation of this tyrosine residue eliminates
a degradation targeting signal for immature APP. Various cytoplasmic adaptor
proteins have been shown to interact with the YENPTY motif, including X11
(Borg et al. 1996), Fe65 (Borg et al. 1996; Duilio et al. 1998), and Jip1b (Taru et
al. 2002). These protein-protein interactions involving the AICD may ultimately
affect trafficking, processing, and cellular functions of holo-APP and its C-

terminal fragments, making them possible mediators of AD pathogenesis.



Figure 1.1: Proteolytic processing of APP by secretase enzymes.

Lumen/Extracellular Space

NH,

Y-secretase a

y-secretase

\ B-secretase

o-secretase

i — v

C99/p stub

In the non-amyloidogenic pathway (right side), full-length APP (center) is
proteolytically cleaved by a-secretase, releasing the soluble ectodomain into the
lumen/extracellular space. The membrane-associated C83 fragment s
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membrane-tethered C99 fragment is subsequently cleaved by y-secretase to
generate the AICD and the AR peptide (~4 kDa).



Calcium Dyshomeostasis

The idea that disruption of calcium homeostasis could be a pathogenic
mechanism for AD was first introduced in 1984 by Khachaturian, who
hypothesized that dysregulation of intracellular calcium storage and signaling
represented a final common pathway of neural dysfunction and cell death in age-
related neurodegenerative diseases (Khachaturian 1984; Khachaturian 1987). In
other words, it was believed that early disease-specific biochemical events
imparted a certain level of vulnerability in particular cell populations, and a
subsequent age-related decline in calcium homeostasis dealt the final insult,
leading to cell death and associated cognitive dysfunction. It is clear that normal
aging is associated with alterations in neuronal calcium homeostasis, including
impaired calcium buffering capacity and delayed post-excitatory calcium
clearance (Toescu and Verkhratsky 2007). However, more recent studies using
cells isolated from AD patients and animal models of AD, as well as immortalized
cell lines, have suggested a more specific role for altered calcium signaling in AD
pathogenesis beyond just global age-related impairments (Mattson 2004;
Sperling et al. 2010). Indeed, the current body of evidence supports the
hypothesis that calcium dysregulation plays a role in AD pathogenesis,
particularly certain forms of early-onset familial AD (FAD; discussed below), and
the calcium hypothesis is not mutually exclusive with the amyloid cascade
hypothesis. It is still not clear, however, whether calcium dysregulation is
predominantly an end result of ABR-related toxicity or whether it represents a more
proximal event in disease pathogenesis (LaFerla 2002).

Calcium is the canonical intracellular signaling molecule. Neurons rely on

calcium signaling for a vast array of cellular processes, including gene
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expression, neuronal excitability, neurotransmitter release, and apoptosis
(Berridge 1998). In normal physiology, resting cytosolic calcium level is
maintained at very low concentrations (50-300 nM) in neurons (Verkhratsky et al.
2004), whereas calcium concentrations in intracellular ER stores and the
extracellular space are significantly higher (in the millimolar range). The calcium
gradient that exists across the ER and plasma membranes is critical for proper
neuronal function and is maintained by calcium ATPases and the Na‘/Ca®'
exchanger on the cell surface and the sarco/endoplasmic reticulum calcium
ATPase (SERCA) in the ER membrane. Calcium increases in the cytoplasm in
response to various stimuli, including extracellular ligands or membrane
depolarization. Calcium can enter from the extracellular space, through plasma
membrane ion channels, or from intracellular stores, mainly through IP; and
ryanodine receptor ion channels in the ER membrane.

Fibroblasts isolated from patients with FAD caused by a mutation in one of
the presenilin genes exhibit increased calcium release from intracellular stores in
response to agonist (lto et al. 1994). Interestingly, these calcium disturbances
were observed before the onset of cognitive symptoms in these patients, and
family members who failed to develop symptoms did not exhibit abnormal
calcium responses, despite the presence of the mutation. Follow-up
investigations of calcium regulation in cell culture and animal models have
corroborated these original findings. Expression of FAD-linked presenilin mutants
in cultured cells and in animals has been shown to increase release of calcium
from ER stores (Guo et al. 1996; Guo et al. 1999; Chan et al. 2000) and
decrease store-operated calcium entry through plasma membrane channels

(Leissring et al. 1999a; Leissring et al. 1999b; Leissring et al. 2000). Recent data
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suggest that presenilins may form calcium leak channels in the ER membrane
and that mutations lead to loss of function phenotypes characterized by ER
calcium overload (Tu et al. 2006). These results are controversial, however, as
others have shown that mutant presenilins alter intracellular calcium signaling via
a direct and specific interaction with 1,4,5-trisphosphate receptors (IPsRs) in the
ER membrane (Cheung et al. 2008). Although more research is needed to
elucidate the precise mechanisms, these studies have established a role for
presenilins in calcium homeostasis that is independent of their role in y-secretase
activity.

Although the presenilin effects are largely independent of any APP
derivative peptides, there is evidence that exposure of cultured cells to AB alters
calcium homeostasis. Specifically, incubation with ApB peptides leads to increased
calcium entry through the plasma membrane (Demuro et al. 2005; Deshpande et
al. 2006). Furthermore, in vivo calcium imaging in an AD mouse model has
shown increased intracellular calcium levels in neurites that are within close
proximity to AB plaques (Kuchibhotla et al. 2008). Several mechanisms may be
responsible for the effect of AR on intracellular calcium, including alteration in
plasma membrane ion channel permeability, disruption of overall membrane
integrity, and formation of calcium-permeable membrane pores by AR peptides
(Demuro et al. 2010). These effects may also depend on whether the exposure
to AB is acute or chronic. Short-term exposure to AB oligomers has been shown
to increase calcium influx through NMDA receptor ion channels (Carette et al.
1993; Kelly and Ferreira 2006); however, chronic exposure leads to
downregulation of NMDA receptors and decreased calcium entry (Snyder et al.

2005; Dewachter et al. 2009).
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The consequences of ER calcium store overload and increased resting
cytosolic calcium can have numerous deleterious effects in neurons. For
example, long-term potentiation (LTP), which is thought to underlie certain forms
of learning and memory (Kandel et al. 2000), relies on calcium release from ER
stores (Park et al. 2008), and impairments in LTP may be responsible for the
early decline in cognitive function in AD patients. Furthermore, sustained
increases in cytosolic calcium may overwhelm the calcium buffering capacity of
the cell, leading to mitochondrial dysfunction and cell death. Calcium-activated
enzymes, like proteases and phosphatases, may also be activated in response to
elevated calcium levels, leading to alterations in a variety of cellular processes.
And finally, increased intracellular calcium can lead to increased AB production
and/or fibrillization (Querfurth and Selkoe 1994; Querfurth et al. 1997; Isaacs et

al. 2006), promoting further cellular dysfunction via a feed-forward cascade.

Genetic

Familial Alzheimer’s Disease (FAD)

Most cases of AD are sporadic and late-onset, but rare forms of AD are
early-onset and exhibit autosomal-dominant inheritance. Apparent inheritance of
AD in some families was documented as early as 1981 (Heston et al. 1981), and
this same report noted a connection between early-onset AD and Down
syndrome, or trisomy 21, suggesting a possible gene dosage effect. In 1987, a
genetic linkage to FAD was established within chromosome 21, where the APP
gene is located (St George-Hyslop et al. 1987). Several years later, the first
pathogenic mutation in the APP gene was described in cases of hereditary

cerebral hemorrhage with amyloidosis (Van Broeckhoven et al. 1990). In 1995,
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the first pathogenic mutations in the presenilin genes were identified (Levy-Lahad
et al. 1995; Sherrington et al. 1995). Since then, 19 mutations in the APP gene
and approximately 150 mutations in the genes encoding presenilin-1 and its
homologue, presenilin-2, have been linked to FAD (Selkoe 2005; Tanzi and
Bertram 2005).

Interestingly, FAD gene linkage studies have provided some of the most
convincing evidence in support of the amyloid cascade hypothesis. Presenilins
constitute the catalytic core of y-secretase (De Strooper et al. 1998; Wolfe et al.
1999; Kimberly et al. 2000), and all FAD-linked presenilin mutations that have
been investigated thus far lead to relative overproduction of AB42 (Borchelt et al.
1996; Duff et al. 1996; Scheuner et al. 1996; Citron et al. 1997). FAD-linked
mutations in APP also lead to increased amyloidogenesis, and depending on the
mutation result in increased B-secretase processing, increased AB2/AR4o ratio,
increased propensity of AB to form fibrils, or decreased clearance of AR peptides
(Goate et al. 1991; Murrell et al. 1991; Hendriks et al. 1992; Kamino et al. 1992;
Mullan et al. 1992; Suzuki et al. 1994; Tamaoka et al. 1994; Haass et al. 1995;
De Jonghe et al. 1998; Murrell et al. 2000; Nilsberth et al. 2001). Taken together,
these findings support the hypothesis that APP-derived fragments, particularly A

peptides, are involved in a proximal step in the pathogenesis of FAD.
Sporadic Alzheimer’s Disease

While research focusing on FAD has contributed a great deal to our
understanding of AD pathogenesis, these rare autosomal dominant forms of the
disease account for less than ten percent of all AD cases (Janssen et al. 2003;
Raux et al. 2005). Most AD cases are sporadic and late-onset with more complex

multifactorial pathogenesis. Determining the genetic risk factors for late-onset AD
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has proven challenging. There have been many genes linked to sporadic AD,
and the details of these studies are listed on the publicly-available AlzGene

online database (http://www.alzgene.org) (Bertram et al. 2007). Most studies

have used candidate gene approaches to determine associations in either family-
based or case-control sample populations. However, the completion of the
Human Genome Project in 2003 and recent technological advancements in high-
throughput methodologies have made it possible for researchers to conduct
unbiased large-scale genomic screens to identify novel risk genes for common
sporadic disorders like AD. Unfortunately, most of the genes identified in
genome-wide association studies in AD either have not been subjected to — or
have not withstood — rigorous validation measures (Bertram & Tanzi 2009). To
date, only the apolipoprotein E gene (APOE) has been consistently and
convincingly linked to sporadic AD (Strittmatter et al. 1993; Farrer et al. 1997).
The lack of reproducibility between genetic screens using different samples
suggests that each locus imparts a relatively small amount of risk, and indeed,
the overall usefulness of genome-wide association studies for defining new
therapeutic targets in late-onset AD has recently been called into question
(Pedersen 2010). Nevertheless, genetic screens have provided — and continue to
provide — researchers with new insights and opportunities for further
investigation.

In 2005, Tanzi and colleagues (Bertram et al. 2005) used a candidate
gene approach to identify genetic associations in family-based AD cohorts by
focusing on a chromosomal region that had previously been linked to AD in a full-
genome screen (Blacker et al. 2003). They reported that single-nucleotide

polymorphisms (SNPs) in the UBQLN1 gene, which encodes the ubiquilin-1
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protein, are associated with late-onset AD. Since this original report, additional
studies from other laboratories have also found associations with AD and specific
SNPs in the UBQLN1 gene (Kamboh et al. 2006; Golan et al. 2008), while some
researchers have failed to find an association (Bensemain et al. 2006; Brouwers
et al. 2006; Slifer et al. 2006; Smemo et al. 2006; Arias-Vasquez et al. 2007).
Furthermore, the relatively rare incidence of the disease-related allele in certain
populations may reduce its overall predictive value (Chuo et al. 2010).

Of the four disease-related SNPs that have been identified in UBLQN1
(Fig. 1.2A), three are intronic and one is located in the promoter region,
suggesting that they affect alternative splicing or expression level. In fact,
evidence from the original report suggested that an intronic SNP that led to
production of a shortened transcript variant due to alternative splicing was
correlated with late-onset AD. As discussed in the following section, the protein
product of the UBQLN1 gene displays a number of characteristics that make it a

plausible AD risk modifier.

UBIQUILIN

Superfamily and Domain Structure

The protein product of the UBQLN1 gene is the ubiquilin-1 protein. In
humans, the ubiquilin family of proteins consists of four members: ubiquilin-1
(OMIM ID 605046) (Wu et al. 1999), ubquilin-2 (OMIM ID 300264) (Kleijnen et al.
2000), ubiquilin-3 (OMIM ID 605473) (Conklin et al. 2000), and ubiquilin-4 (OMIM
ID 605440) (Davidson et al. 2000). The ubiquilin proteins belong to the UBL-UBA
superfamily of proteins, which contain a ubiquitin-like (UBL) domain at their N-

terminus and a C-terminal ubiquitin-associated (UBA) domain (Fig. 1.2B). Both
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of these domains have been implicated in the targeting and degradation of
proteins by the ubiquitin-proteasome system. The UBL domain is defined by a
series of residues with both sequence and structural homology to ubiquitin, and it
has been shown to interact with the S5a proteasomal subunit (Buchberger 2002;
Walters et al. 2002). Type 1 UBL proteins, such as small ubiquitin-like modifier
(SUMO) and NEDDS, act as ubiquitin-like protein modifiers and are covalently
linked to target proteins. Type 2 UBL proteins (also referred to as ubiquitin
domain proteins, or UDPs), which include ubiquilin and its homologues, contain
one or more UBL domains in the context of a larger multi-domain protein.
Therefore, a wider array of putative functions exists for type 2 UBL proteins. In
addition to interacting directly with the proteasome, some UBL domains can
mediate interactions with ubiquitin-interacting motifs (UIMs) of other proteins. For
example, the UBL domain of ubiquilin has been shown to interact with the UIM of
Eps15, a protein involved in endocytic trafficking (Regan-Klapisz et al. 2005).

The UBA domain was first identified in enzymes that are involved in the
ubiquitination pathway and was also noted to be present in UBL-containing
proteins (Hofmann and Bucher 1996). UBA domains form compact 3-helix
bundles that directly bind to ubiquitin (Wilkinson et al. 2001) via a hydrophobic
interaction involving the region surrounding lle** on the ubiquitin molecule
(Mueller and Feigon 2003; Ohno et al. 2005; Hurley et al. 2006). UBA domains
have been shown to bind both monoubiquitin and polyubiquitin chains (Raasi et
al. 2005; Zhang et al. 2008); however, they seem to prefer polyubiquitin in vivo
(Hicke et al. 2005). One group defined four separate classes of UBA domains
based on their ubiquitin interaction properties (Raasi et al. 2005): 1) those that

preferentially bind Lys48—linked polyubiquitin chains, 2) those that preferentially
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bind Lys63—linked polyubiquitin chains, 3) those that do not bind ubiquitin at all,
and 4) those that bind polyubiquitin without any linkage preference, such as
ubiquilin and its yeast homologue, Dsk2. The UBA domain of ubiquilin has been
shown to mediate numerous protein-protein interactions, including those with the
nuclear RNA-binding protein TDP-43 (Hanson et al. 2010), and mammalian
target of rapamycin (mTOR), which functions in cell growth and survival (Wu et
al. 2002). The UBA domain of ubiquilin is also necessary and sufficient to bind
presenilin-1 and presenilin-2 (Mah et al. 2000). Furthermore, dimerization of
Dsk2 and Rad23 occurs via the UBA domains (Bertolaet et al. 2001; Sasaki et al.
2005), and intramolecular = UBL-UBA interactions may facilitate
heterodimerization. Intra- and intermolecular UBL-UBA interactions, as have
been shown for hHR23A and ubiquilin-2 (Kang et al. 2007), may serve a
regulatory role by maintaining one or both proteins in a quiescent state until other
binding partners (e.g., ubiquitinated substrates) are present in sufficient
concentrations.

The central region of ubiquilin contains two STI motifs (Fig. 1.2B), also
referred to as XPCB (xeroderma pigmentosum complementation group C
binding) domains. STI motifs are homologous to stress-inducible protein-1 (Sti-1),
the yeast orthologue of the mammalian Hop protein, a co-chaperone molecule.
Sti-1/Hop is a tetratricopeptide repeat (TPR)-containing protein, which functions
as a co-chaperone for Hsp70 and Hsp90 (Blatch et al. 1997; Frydman and
Hohfeld 1997; Odunuga et al. 2004). STI domains are found in numerous
proteins and mediate protein-protein interactions and may also possess intrinsic
chaperone activity (Davidson et al. 2000; Kamionka and Feigon 2004; Zhao et al.

2006).

17



Figure 1.2: Schematic representations of the UBQLN1 gene and its protein
product.
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(A) Location of the four AD-linked SNPs within the UBQLN1 gene sequence with
intron/exon boundaries indicated. The UBQLN1 gene contains 11 exons. The
scale bar at the left is shown to approximate intron lengths (exons are not drawn
to scale). The rs12345514 SNP is located in the promoter region, 1832 bp
upstream of the start codon. The rs2780995 SNP is located 1473 bp from the 3’
end of exon 6. The rs12344615 SNP is 70 bp from the 3’ end of exon 8.
Presence of the rs12344615 risk allele (G) leads to alternative splicing and
removal of exon 8 (corresponding to residues 416-443 of the full-length
polypeptide) without any frameshift (Bertram et al. 2005). The rs2781002 SNP is
67 bp from the 3’ end of exon 9. (B) Domain structure of the ubiquilin-1 protein.
Amino- and carboxy-terminal residue numbers are shown for each of the
domains. The central region contains two STI motifs, which each consist of two
repeating regions of Sti-1 homology (STI repeats).
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Established and Putative Functions

Proteasomal Degradation

One of the most well-characterized UBL-UBA proteins is the
Saccharomyces cerevisae protein Rad23, which is involved in nucleotide
excision repair (Watkins et al. 1993) and spindle pole body (centrosome)
duplication (Biggins et al. 1996). Following ubiquitination of a Rad23 substrate,
Rad23 binds via one of its UBA domains. The ubiquitinated substrate is then
recruited to the proteasome, where the UBL domain of Rad23 binds to the S5a
proteasomal subunit (Schauber et al. 1998; Chen and Madura 2002). Ubiquilin
and its homologues have also been shown to enhance degradation of
ubiquitinated partners (Gao et al. 2003; Kim et al. 2008b) and have been shown
to be involved in the proteasome-dependent ER-associated degradation (ERAD)
pathway (Medicherla et al. 2004; Kim et al. 2008b; Lim et al. 2009). Thus, it has
been suggested that UBL-UBA proteins promote degradation by serving as
“shuttles” that deliver ubiquitinated substrates to the proteasome (Buchberger
2002). In contrast to this model, however, Rad23 has also been shown to
stabilize ubiquitinated substrates (Hwang et al. 2005). This effect may be due to
the ability of the UBA domain to “cap” ubiquitin chains and prevent chain
elongation or de-ubiquitination (Ortolan et al. 2000; Su and Lau 2009). Inhibition
of degradation has also been shown for numerous other UBL-UBA proteins,
including ubiquilin (Kleijnen et al. 2000; Mah et al. 2000; Feng et al. 2004;
Massey et al. 2004) and its Xenopus homolog, XDRP1 (Funakoshi et al. 1999). It
is unclear what determines whether a UBL-UBA protein will promote or inhibit the
degradation of a particular substrate, but it may depend on the substrate’s
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ubiquitination status, the abundance of free ubiquitin or ubiquitinated proteins in
the cell, concentration of the UBL-UBA protein, or the substrate’s reliance upon

de-ubiquitination for degradation (Su and Lau 2009).
Regulation of Trafficking

In addition to regulating proteasomal degradation of substrates, ubiquitin
has been shown to regulate protein trafficking and signaling events (Umebayashi
2003; d'Azzo et al. 2005). Monoubiquitination is a sufficient sorting signal at the
plasma membrane and at the late endosome in mammalian cells, and there is
evidence that UIMs can play a role in the trafficking of some proteins in both the
secretory and endocytic pathways (Hicke and Dunn 2003). In fact, ubiquilin has
been shown to regulate the trafficking and stability of several membrane-
associated proteins, including y-aminobutyric acid type A (GABAa) receptor
subunits (Bedford et al. 2001) and nicotinic acetylcholine receptors (Ficklin et al.
2005). Interestingly, ubiquilin stabilizes GABAa subunits in early secretory
compartments where they are poised for rapid membrane insertion following
neuronal stimulation (Saliba et al. 2008). Ubiquilin-2 has been shown to
negatively regulate stimulus-dependent G protein-coupled receptor endocytosis
(N'Diaye et al. 2008). This effect is mediated by the UBL domain binding to UIM-
containing endocytic adaptors, Epsin and Eps15. Ubiquitin is a particularly
important sorting signal at the multi-vesicular body (MVB), which is where the
secretory and endocytic pathways converge. At the MVB, ubiquitin-binding
proteins may determine whether a ubiquitinated substrate is recycled to the
plasma membrane or degraded by the lysosome. Thus, UBL-UBA proteins may

regulate non-proteasomal degradation in addition to proteasomal degradation.
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Protein Quality Control

Mammalian cells possess three major lines of defense against the
accumulation of misfolded proteins. The chaperone system comprises the first
line of defense and primarily prevents protein aggregation by shielding
hydrophobic regions that may participate in inappropriate intra- or intermolecular
interactions. Thus, chaperones help maintain unfolded or partially folded proteins
in folding-competent states, thus reducing the formation of off-pathway
aggregation-prone intermediates. The second line of defense is the ubiquitin-
proteasome system (UPS), which functions to degrade misfolded or folding-
incompetent proteins. One important protein quality control checkpoint is in the
secretory pathway, where proteins transition from the ER to the Golgi apparatus.
Here, misfolded secretory proteins are translocated across the ER membrane
and degraded by the UPS in a process known as ERAD (Vembar and Brodsky
2008). ERAD can be upregulated as part of the adaptive ER stress response,
which is triggered when various potentially injurious stimuli, such as hypoxia or
calcium depletion, lead to an increase the accumulation unfolded or misfolded
proteins in the ER (Kim et al. 2008a). The third line of defense against the
accumulation of toxic protein aggregates is the aggresome-autophagy pathway,
which involves the active transport of protein aggregates to the microtubule
organizing center (MTOC), where they coalesce to form large structurally-defined
inclusions which can then be degraded in a lysosome-dependent process.

Ubiquilin has been shown to have a protective role in the cellular stress
response. The results of one study showed that ubiquilin was upregulated in
response to hypoxia and that overexpression of ubiquilin protected cells from
hypoxia-induced apoptosis (Ko et al. 2002). Emerging evidence suggests that
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ubiquilin plays a role in the cellular response to protein misfolding and
aggregation (Haapasalo et al. 2010). Ubiquilin-1 and ubiquilin-2 were shown to
be associated with polyglutamine-containing aggregates in a cellular model of
Huntington'’s disease (Doi et al. 2004), which is not unexpected, given their well-
established ubiquitin-binding properties. However, the Monteiro group has
expanded on these findings and shown that ubiquilin protects against
polyglutamine-induced cell death and toxicity in cellular and invertebrate models
of Huntington’s disease (Wang ef al. 2006). This protection appears to be due, at
least in part, to the ability of ubiquilin to promote the degradation of aggregation-
prone potentially toxic expanded polypeptides (Wang and Monteiro 2007a). They
observed similar results with proteins containing polyalanine expansions (Wang
and Monteiro 2007Db).

As outlined previously, ubiquilin is a well-established modulator of protein
degradation via the UPS and is associated with the ERAD machinery
(Medicherla et al. 2004; Kim et al. 2008b; Lim et al. 2009). In addition, recent
research indicates that ubiquilin is an integral part of the aggresome-autophagy
pathway as well. One group showed that endogenous ubiquilin-1 and Eps15, a
UIM-containing protein, colocalized to aggresomes and that RNAi-mediated
knockdown of either ubiquilin or Eps15 inhibited aggresome formation to the
same extent (Heir et al. 2006). Furthermore, they showed that a mutation in the
UBL domain of ubiquilin prevented aggresome formation without affecting the
formation of peripheral aggregates, suggesting that ubiquilin plays a role in
transporting aggregates along microtubules and that a UBL-UIM interaction with

Eps15 is important for this function.
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Brown and colleagues have recently reported that some of the
cytoprotective effects associated with ubiquilin are mediated by its ability to
promote maturation of the autophagosome and subsequent lysosomal fusion
(N'Diaye et al. 2009a; N'Diaye et al. 2009b). Specifically, the cytoprotective effect
of ubiquilin required the expression of autophagy-related genes and was
dependent upon the UBA domain of ubiquilin, which interacts directly with
microtubule-associated integral autophagosome proteins and does not require
the presence of a ubiquitinated substrate. Interestingly, the same group had
previously shown that overexpression of ubiquilin led to reorganization of
cytoskeletal intermediate filaments (Wu et al. 1999), a process that is known to
occur in aggresome formation (Kopito 2000). One well-established method of
inducing autophagy in mammalian cells is with the drug rapamycin, which inhibits
the kinase activity of mTOR. Ubiquilin has been shown to interact with mTOR
(Wu et al. 2002), and therefore, may be involved in the earlier phase of
autophagy induction by sequestering mTOR and preventing it from performing its
cellular functions.

Ubiquilin may be important for the autophagic clearance of at least one
type of protein aggregate linked to neurodegenerative disease, TDP-43. Ubiquilin
has been shown to interact with polyubiquitinated TDP-43 that is mislocalized to
the cytoplasm, and overexpression of ubiquilin increased the association of TDP-
43 with autophagosome markers (Kim et al. 2009b). Also, overexpression of
TDP-43 was sufficient to induce the formation of, and recruitment of endogenous
ubiquilin to, large cytoplasmic aggregates. In a later study, the same group
showed that, unexpectedly, ubiquilin overexpression exacerbated TDP-43

overexpression phenotypes in Drosophila despite an overall reduction in TDP-43

23



protein levels (Hanson et al. 2010). This may be due to sequestration of ubiquilin
and/or competition for the protein degradation machinery by the TDP-43
aggregates, leading to a loss-of-function phenotype or increased accumulation of
other degradation targets, respectively. There are still many unanswered
questions regarding the role of ubiquilin in aggregate clearance, especially with

respect to autophagy, the detailed mechanisms of which are still largely unclear.
Potential Role in Alzheimer’s Disease

A number of studies have suggested a role for the ubiquitin-proteasome
system in AD, indicating a possible role for ubiquilin. Proteasome activity is
decreased (Lopez Salon et al. 2000) and ubiquitinated proteins accumulate in AD
brains (de Vrij et al. 2004; Song and Jung 2004). Nunan and colleagues (Nunan
et al. 2001) reported that the C99 fragment of APP is degraded in a proteasome-
dependent fashion that is independent from y-secretase activity. Inhibition of the
proteasome results in increased processing by y-secretase. It is possible that
ubiquilin alters the processing of APP in a proteasome-dependent fashion.

Initially, ubiquilin was shown to interact with the presenilin proteins, which
are thought to constitute the catalytic core of y-secretase (De Strooper et al.
1998; Wolfe et al. 1999). Specifically, ubiquilin was shown to decrease the
turnover of high molecular weight presenilin isoforms (Mah et al. 2000; Massey et
al. 2004). This effect on turnover was shown to be due in part to a decrease in
the ubiquitination and degradation of full length presenilin. More recently, it has
been shown that knockdown of ubiquilin by RNAi accelerates APP maturation
through the secretory pathway, resulting in increased secretion of the soluble
APP ectodomain and the AB peptide in H4 neuroglioma cells and HEK293 cells

(Hiltunen et al. 2006). These alterations in APP maturation and processing
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occurred without changes in - or y-secretase levels, suggesting that a
relationship exists between ubiquilin and APP that is independent of presenilins.
In this same study, researchers used fluorescence resonance energy transfer
(FRET) to establish that APP and ubiquilin came into close proximity; however,
they could not confirm direct binding of the two proteins. The effect of ubiquilin
knockdown on APP maturation suggests that ubiquilin may regulate trafficking
from the ER to the Golgi. There is some evidence that ubiquilin associates with
the ER (Ko et al. 2002).

Important questions remain regarding the molecular mechanisms of AD
pathogenesis. The following set of studies was designed to further elucidate the
mechanisms by which APP contributes to the cellular dysfunction and cell death
that occurs in AD. The first set of studies (Chapter 2) examined the effect of
FAD-linked mutations in APP on intracellular calcium homeostasis. The second
set of studies (Chapter 3) investigated the role of the ubiquilin protein in the
regulation of intracellular trafficking and degradation of APP. The third set of
studies (Chapter 4) focused on elucidating the nature of the ubiquilin-APP
interaction and established a role for ubiquilin in the quality control of the APP
protein. Our studies focus specifically on the ubiquilin-1 protein, since genetic
association studies have indicated a link between this particular ubiquilin family

member and late-onset AD.
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Chapter 2: FAD Mutations in Amyloid Precursor Protein Do Not
Directly Perturb Intracellular Calcium Homeostasis!

ABSTRACT

Disturbances in intracellular calcium homeostasis are likely prominent and
causative factors leading to neuronal cell death in Alzheimer’'s disease (AD).
Familial AD (FAD) is early-onset and exhibits autosomal dominant inheritance.
FAD-linked mutations have been found in the genes encoding the presenilins
and amyloid precursor protein (APP). Several studies have shown that mutated
presenilin proteins can directly affect calcium release from intracellular stores
independently of AB production. Although less well established, there is also
evidence that APP may directly modulate intracellular calcium homeostasis.
Here, we directly examined whether overexpression of FAD-linked APP mutants
alters intracellular calcium dynamics. In contrast to previous studies, we found
that overexpression of mutant APP has no effects on basal cytosolic calcium, ER
calcium store size or agonist-induced calcium release and subsequent entry.
Thus, we conclude that mutated APP associated with FAD has no direct effect on

intracellular calcium homeostasis independently of A production.
INTRODUCTION

AD is a progressive neurological disorder characterized by deterioration of
cognitive abilities. AD is the most common cause of dementia in the western
world, affecting one in ten individuals over 65 and nearly 50% of all persons over

the age of 85 (Evans et al. 1989; Hebert et al. 2003). According to the

1 Stieren E, Werchan WP, El Ayadi A, Li F, Boehning D. (2010) FAD mutations in amyloid
precursor protein do not directly perturb intracellular calcium homeostasis. PLoS One
5(8):11992. No permissions required due to open access policy.
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predominant amyloid cascade hypothesis, AD pathogenesis is associated with a
series of molecular events which leads to the extracellular deposition and
aggregation of specific proteolytic fragments of APP. These aggregated protein
fragments constitute the core of extracellular senile amyloid plaques, a
pathologic hallmark of AD.

In normal physiology, APP is cleaved by a series of enzymes, called
secretases, generating proteolytic fragments of various lengths. The principal
cleavage event is by a-secretase, which generates a large soluble ectodomain
(APPs) that is secreted into the extracellular space and a C-terminal fragment
(C83) that remains in the membrane (De Strooper and Annaert 2000). In an
alternate processing pathway, holo-APP can be cleaved by B-secretase, resulting
in the production of a secreted ectodomain and the membrane-associated C99
fragment (De Strooper and Annaert 2000). Subsequent cleavage of C99 by y-
secretase produces the neurotoxic AR peptide and an intracellular domain (AICD)
that is released from the membrane into the cytosol. There are two major forms
of the AB peptide that differ in length by two residues, AR and ABs2. The ABa
peptide is more prone to aggregation and is considered to be more cytotoxic than
the shorter AB species (Finder and Glockshuber 2007).

Most cases of AD are sporadic and late-onset, but rare forms of familial
AD (FAD) are early-onset and exhibit autosomal-dominant inheritance. The
majority of FAD cases are linked to mutations in the presenilin genes 1 and 2
(Selkoe 2005). Presenilins constitute the catalytic core of y-secretase, and
presenilin mutations lead to relative overproduction of AB42 (Borchelt et al. 1996;
Scheuner et al. 1996; Citron et al. 1997; Wolfe et al. 1999). FAD-linked

mutations have also been found in APP, and depending on the mutation result in
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increased [-secretase processing, increased ABs2/AB4 ratio, increased
propensity of AB to form fibrils, or decreased proteolytic clearance of AB peptides
(Goate et al. 1991; Murrell et al. 1991; Hendriks et al. 1992; Kamino et al. 1992;
Mullan et al. 1992; Suzuki et al. 1994; Tamaoka et al. 1994; Haass et al. 1995;
De Jonghe et al. 1998; Murrell et al. 2000; Nilsberth et al. 2001).

While it is clear that APP-derived fragments are involved in a proximal
step in the pathogenesis of AD, the exact mechanism of neuronal loss in not
known. Also, clinical symptoms do not correlate well with amyloid plaque load,
suggesting that a certain level of neuronal dysfunction precedes gross
architectural changes in AD brain (Braak and Braak 1991; Duyckaerts and Hauw
1997). Calcium dyshomeostasis has been implicated as a major contributor to
neuronal cell death in AD (LaFerla 2002). Calcium dynamics regulate AR
production, and AR peptides/fibrils directly affect multiple aspects of calcium
homeostasis (Green and LaFerla 2008). There is strong evidence that mutated
presenilin proteins can directly modulate calcium release from intracellular stores
independently of AR production (Leissring et al. 1999a; Leissring et al. 1999b;
Cheung et al. 2008), and may also form calcium permeable channels in the ER
(Nelson et al. 2007). Similarly, several studies have suggested that APP may
directly modulate calcium homeostasis independently of AB production
(Leissring et al. 2002; Lopez et al. 2008; Rojas et al. 2008). However, a
systematic study of the effects of FAD-associated APP mutants on intracellular
calcium homeostasis has not been reported.

Here, we show that overexpression of FAD-linked APP mutants has no
effect on basal cytosolic calcium concentration, ER calcium store size, or

agonist-induced calcium release and subsequent entry. These results indicate
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that mutant APP likely does not contribute mechanistically to alterations in

calcium homeostasis in AD independently of A production.

MATERIALS AND METHODS

Cell Lines

PC12 rat pheochromocytoma cells were purchased from ATCC. They
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 5% horse serum, 100 U/ml penicillin, 100 pug/ml

streptomycin.
Generation of APP Mutants

Point mutations in human APPggs (kindly provided by Dr. Hui Zheng,
Baylor College of Medicine) were accomplished with the QuickChange Site-
directed Mutagenesis Kit (Stratagene, La Jolla, CA) according to manufacturer’s
instructions. Forward primers were as follows:

Swedish 5'-GGAGATCTCTGAAGTGAACCTGGATGCAGAATTCC-3

Flemish 5-CAAAAATTGGTGTTCTTTGGAGAAGATGTGGG-3

Arctic 5-GGTGTTCTTTGCAGGAGATGTGGGTTCAAAC-3’

London 5-CATAGCGACAGTGATCATCATCACCTTGGTGATGC-3’

Indiana 5-CATAGCGACAGTGATCTTCATCACCTTGGTGATGC-3

V717L 5-CATAGCGACAGTGATCCTCATCACCTTGGTGATGC-3

The reverse primers were the exact reverse complement.
Calcium Imaging

Calcium measurements were performed as previously described
(Boehning et al. 2005). PC12 cells were cultured on 25 mm coverslips overnight,

and were co-transfected with APP and yellow fluorescent protein (YFP) at a 4:1
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ratio. Under these conditions, we have found that all YFP-positive cells express
both proteins (Wozniak et al. 2006). For all experiments, transfection efficiency
as determined by fluorescence microscopy was greater than 50%. For
measurement of cytosolic calcium, cells were loaded with fura-2 as described
elsewhere (Boehning et al. 2005) for 30 minutes at 25°C. For ER calcium
measurements, cells were loaded with 5 yM mag-fura-2 for 20 minutes at 37°C
followed by a 60-minute incubation at 37°C in dye-free extracellular medium (107
mM NaCl, 7.2 mM KCI, 1.2 mM MgCl;, 1 mM CaClz,11.5 mM glucose, 0.1%
bovine serum albumin (BSA), and 20 mM HEPES pH 7.2). Coverslips were
transferred to the microscope and the plasma membrane was subsequently
permeabilized by a brief exposure to 0.01% saponin to release cytoplasmic dye
before exchanging the solution with intracellular solution (135 mM KCI, 3 mM
MgATP, 2 mM MgCl, 0.4 mM CaCl,, 1 mM EGTA, and 20 mM HEPES pH 7.1) as
described (Solovyova et al. 2002). All fields were imaged randomly, and all YFP-
positive cells in a given field were imaged and quantified in the data analysis.
The number of cells analyzed is indicated above each data point. Fura-2/mag-
fura-2 and YFP images were acquired every 3 seconds during acquisition on a
Nikon TE2000 inverted microscope using a Nikon 60X oil immersion SuperFluor
objective with a 1.3 numerical aperture. All imaging was performed at 25°C.
Images were captured with a Roper Scientific CoolSNAP HQ monochrome
camera. Rapid filter changes for ratiometric imaging were computer controlled via
a Ludl MACG6000 rapid filter wheel and changer and MetaFluor data acquisition
and analysis software. Raw data was acquired with MetaFluor, analyzed in

Excel, and graphed in Sigma Plot.
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Statistical Analysis

All experiments were performed a minimum of three times and presented
as the mean = standard error. Single cell traces from each coverslip were pooled
and averaged for each data point. Total number of single cell traces is indicated
over each bar. Statistical comparisons from the pooled data were performed
between groups using the student’s f test. Statistical significance was considered

at p values <0.05.

RESULTS

Expression of FAD-linked APP Mutants in PC12 Cells

For our studies, we focused on six different well-characterized FAD-linked
APP mutants that affect (B-secretase cleavage, fibrillization, and y-secretase
cleavage (Fig. 2.1A). The Swedish double mutant makes APP a more favored
substrate for B-secretase, shunting full-length APP down the amyloidogenic
processing pathway (Mullan et al. 1992; Haass et al. 1995). The London,
Indiana, and V717L mutations favor production of AB42 by the y-secretase (Goate
et al. 1991; Murrell et al. 1991; Suzuki et al. 1994; Tamaoka et al. 1994; Murrell
et al. 2000). The Flemish and Arctic APP mutations increase the propensity for
fibrillization and decrease proteolytic clearance of AR peptides (Hendriks et al.
1992; Kamino et al. 1992; De Jonghe et al. 1998; Nilsberth et al. 2001).

Immunoblot analysis of PC12 cells overexpressing wild-type and mutant
APP revealed two bands with approximate molecular weight of 110-120 kDa
corresponding to immature and mature forms of the holoprotein (Fig. 2.1B). As
APRP is trafficked through the secretory pathway, a series of glycosylation events

occur leading to a mature, or fully glycosylated, protein with slower mobility on
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SDS-PAGE. An immunoblot for a/B-tubulin is shown as a loading control (Fig.

2.1C).

ER Calcium Release, Receptor-operated Calcium Entry, and ER Calcium
Store Size Are Not Affected by FAD-linked Mutant APP

Calcium release from ER-resident |IP3Rs has been proposed to be a
critical mediator of calcium dyshomeostasis in AD (Leissring et al. 1999a;
Leissring et al. 1999b; Cheung et al. 2008). To determine whether mutant APP
expression affects IP;R-mediated calcium release, we measured the response of
PC12 cells to the purinergic agonist uridine 5-triphosphate (UTP), which
selectively activates phospholipase C-coupled P2Y receptors (von Kugelgen
2006). PC12 cells were co-transfected with YFP and one of the following: empty
vector control, wild-type APP, or one of six FAD-linked APP mutants. To
selectively examine IP3R activity and exclude the contribution of calcium entry
from the plasma membrane, UTP stimulation was done in calcium free media.
As indicated in the representative fura-2 calcium traces in Fig. 2.2A, addition of
UTP induces a robust calcium release from the ER into the cytosol in calcium-
free media. Peak calcium release in response to UTP did not differ between
control cells expressing empty vector, cells expressing wild-type APP, and cells
expressing APP mutants (Fig. 2.2B).

Depletion of ER calcium stores by agonist stimulation triggers
store/receptor-operated calcium entry (SOC/ROC) through channels in the
plasma membrane (Putney 2007). Entry through these channels has been
proposed to be compromised in fibroblasts expressing mutant presenilins
(Leissring et al. 2000). To determine the effect of FAD-linked APP mutants on

receptor-operated calcium entry, we waited until cytosolic calcium levels reached
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baseline following UTP stimulation in calcium-free medium and replaced the bath
solution with calcium-replete medium. As shown in Fig. 2.2C, receptor-operated
calcium entry did not differ significantly between control cells expressing YFP
alone, cells expressing wild-type APP, and cells expressing any of the six APP
mutants tested.

Next, we wanted to determine the effect of FAD-linked mutant APP on ER
calcium store size. To directly measure ER calcium content, we utilized ER
compartmentalized mag-fura-2 (Hofer and Machen 1993; Mogami et al. 1998;
Solovyova et al. 2002). As shown in Fig. 2.2D, ER calcium store size did not
differ between control cells, wild-type APP-expressing cells, and any of the six

APP mutants tested.

Agonist-induced Calcium Release Is Not Affected By FAD-linked Mutant
APP

Mutant presenilins directly modulate calcium release from ER stores
(Leissring et al. 1999a; Leissring et al. 1999b; Cheung et al. 2008). To address
whether mutant APP has similar effects, we monitored the response of PC12
cells to two different doses of UTP. As shown in the representative traces in Fig.
2.3A, addition of subsaturating (10 uM) and saturating (100 uM) doses of UTP
resulted in transient increases in cytosolic calcium. There was no difference in
the percent of cells that responded to the subsaturating dose (Fig. 2.3B),
indicating that there were no significant differences in sensitivity to agonist-
induced calcium release. There were also no differences observed in peak
calcium release induced by either dose between control, wild-type APP, and the
six mutant APP-expressing cells (Fig. 2.3C). By analyzing baseline calcium

levels in each condition, we were also able to determine that resting cytosolic
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calcium was not altered in cells expressing wild-type APP or FAD-linked mutant

APP (Fig. 2.3D).
DISCUSSION

The results of these studies indicate that FAD-linked APP mutants do not
directly affect calcium homeostasis independently of AR production, at least in
this model system. Several studies have shown that overexpression of wild-type
APP or FAD-linked mutant APP leads to an increase in basal cytosolic calcium
concentration and an increase in ER store size. Rojas and colleagues
demonstrated that neurons derived from mice possessing three copies of the
APP gene have increased resting cytosolic calcium concentration and altered
responses to glutamatergic and nicotinic agonists and that these effects could be
partially restored by APP knockdown (Rojas et al. 2008). Cortical neurons from
the triple-transgenic (3xTg-AD) mouse model of AD were also shown to have
elevated resting cytosolic calcium (Lopez et al. 2008). Overexpression of the
Swedish APP mutant alone was sufficient to cause the same effect. In these
studies, cells were taken from young animals prior to plaque development,
suggesting that the changes observed represent proximal events in the disease
model. In cells from the 3xTg-AD mice, calcium entry as well as release from
intracellular stores both contributed to elevated cytosolic calcium levels (Lopez et
al. 2008).

It has been shown that agonist-induced calcium release from intracellular
stores is disrupted in fibroblasts from APP null mice (Leissring et al. 2002). This
effect is related to a decrease in ER store size and can be rescued by APP
constructs containing the APP intracellular domain (AICD), suggesting that this

peptide fragment is involved in regulating intracellular calcium stores (Leissring et
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al. 2002). Subsequent studies showed that the loss of AICD was associated with
decreased levels of ATP, perhaps impairing ER calcium uptake via the sarco-
endoplasmic reticulum calcium ATPase (Hamid et al. 2007). Other studies have
shown that wild-type APP is not directly involved in modulating calcium stores but
does mediate the increase in store size that is seen with certain presenilin
mutants and presenilin deficiency (Herms et al. 2003). The effect of presenilin
knockdown on store size was exacerbated in cells expressing the FAD-linked
APP mutant V7171, and this effect correlated with increased levels of C99 in
these cells (Herms et al. 2003).

Here, we demonstrated that FAD-linked APP mutations do not directly
alter calcium signaling when overexpressed in PC12 cells. These results suggest
that a different mechanism must exist for the perturbations in intracellular calcium
that are observed in forms of FAD that are linked to mutations in APP. Most
likely, these effects are mediated directly by AB and not the APP holoprotein.
Furthermore, our results promote the hypothesis that the disruption in calcium
signaling seen with presenilin mutants is independent of the role for presenilins in
APP cleavage, and may instead reflect a general role for presenilin proteins in

the maintenance of intracellular calcium homeostasis.

35



Figure 2.1: Expression of wild-type APP and different FAD-linked APP mutants in

PC12 cells.
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(A) Schematic diagram depicting the C-terminal portion of APP with secretase
cleavage sites indicated in red and locations of FAD-linked mutations marked
with asterisks. The transmembrane region is shaded in yellow. The epitope for
the anti-AB 1-10 antibody (Millipore Cat. No. 07-592) is indicated. Specific amino
acid substitutions for each mutation are shown with residue numbering
corresponding to APP770. (B) Overexpression of APP constructs in PC12 cells.
Mock cells were co-transfected with YFP and empty vector. (C) Immunoblot for
a/B-tubulin to demonstrate equal loading.
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Figure 2.2: ER calcium release, store-operated entry, and store size are not
affected by overexpression of APP mutants.
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(A) Representative single cell traces of cytosolic [Ca*] in control cells (black) and
cells expressing APP with the Swedish mutation (red). (B) Peak calcium release
in response to 100 yM UTP in calcium-free medium. The total number of single
cells imaged for each condition is indicated above the error bar. All cells were co-
transfected with either empty vector or APP and yellow fluorescent protein (YFP)
at a 4:1 ratio. WT, wild-type; Swe, Swedish; Fle, Flemish; Arc, Arctic; Lon,
London; Ind, Indiana. (C) Store-operated calcium entry following addition of
calcium-replete medium in control and APP-transfected cells for each of the APP
constructs tested. These results are from continuous imaging of the same
coverslips used for the calcium release experiments shown in (A). (D) ER store
size in control and APP-transfected cells for each of the APP constructs tested.
For all experiments, error bars represent standard error of the mean. There was
no statistical significance between control and APP expressing cells (p>0.05 for
all conditions).

37



Figure 2.3: Agonist-induced calcium entry is not affected by overexpression of
FAD-linked APP mutants.
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(A) Representative single cell traces of cytosolic [Ca?'] in cells expressing YFP
alone (control) or APP with the Swedish mutation (red) upon addition of 10 yM
and 100 uM UTP. (B) Percentage of cells that responded to 10 uM UTP for each
condition. (C) Quantification of peak calcium release induced by UTP. (D)
Resting (basal) cytosolic calcium concentration in control and APP-transfected
cells for each of the APP constructs tested. Error bars represent standard error of
the mean. There was no statistical significance between control and APP
expressing cells (p>0.05 for all conditions).
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Chapter 3: Ubiquilin Regulates Trafficking and Degradation of
the Amyloid Precursor Protein

ABSTRACT

Alzheimer’s disease (AD) is associated with extracellular deposition of
proteolytic fragments of amyloid precursor protein (APP). Although mutations in
APP and the secretase enzymes that mediate its processing are known to result
in familial forms of AD, the mechanisms underlying the more common sporadic
forms of the disease are still unclear. Evidence suggests the susceptibility of APP
to amyloidogenic processing is related to its intracelluar localization and that
secretase-independent degradation may prevent the formation of cytotoxic
peptide fragments. Recently, the UBQLN1 gene has been linked to late-onset
AD, and its protein product, ubiquilin, may regulate the maturation of full-length
APP. Here, we show that ubiquilin inhibits the maturation of APP through the
secretory pathway by sequestering it in the Golgi apparatus. Our results
demonstrate that this sequestration delays the proteolytic processing of APP.
Furthermore, we show that ubiquilin inhibits the proteasomal degradation of APP
and increases the accumulation of ubiquitinated APP species, suggesting that
ubiquitin may serve as a sorting signal in this context. Our findings support the
notion that the regulation of APP trafficking by ubiquilin is an important
mechanism for maintaining the proper cellular localization, and preventing

excessive proteolytic processing, of APP.
INTRODUCTION

Alzheimer’s disease (AD) is associated with extracellular deposition and

aggregation of proteolytic fragments of amyloid precursor protein (APP). In
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normal physiology, full-length APP is cleaved by a series of enzymes, called
secretases. In a non-amyloidogenic processing pathway, full-length APP is
cleaved within the AB sequence by a-secretase, generating a large soluble
ectodomain (APPs) that is secreted into the extracellular space and a membrane-
tethered C-terminal fragment (C83). In an alternate processing pathway, full-
length APP is cleaved by (3-secretase, resulting in the production of a secreted
ectodomain and the membrane-tethered C99 fragment. Subsequent cleavage of
C99 by y-secretase produces the AB peptide and an intracellular domain (AICD)
that is released from the membrane into the cytosol (De Strooper and Annaert
2000).

APP matures through the secretory pathway, where it undergoes classical
N- and O-linked glycosylation during transit through the ER and Golgi,
respectively (Weidemann et al. 1989; De Strooper and Annaert 2000; Suzuki et
al. 2006). A small fraction of the cellular APP pool is trafficked to the cell surface,
where it is only briefly associated with the plasma membrane before being
recycled through the endocytic pathway. This rapid internalization occurs due to
the presence of the highly-conserved YENPTY (single amino acid code)
sequence in the APP cytoplasmic domain, which contains a canonical NPxY
internalization signal for clathrin-mediated endocytosis. Proteolytic processing of
APP has been shown to occur in various sites throughout the secretory and
endocytic pathways; however, amyloidogenic processing primarily occurs after
transition through the Golgi apparatus (Tomita et al. 1998) and in endosomal
compartments, where acidic conditions promote optimal activity of the beta-site
APP cleaving enzyme (BACE), or B-secretase (Small and Gandy 2006). Deletion

or mutation of the YENPTY internalization signal leads to an increase in plasma
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membrane-associated APP and a significant decrease in AP production,
underscoring the importance of endocytic recycling for AR generation (Lai et al.
1995; Perez et al. 1999; De Strooper and Annaert 2000; Kerr and Small 2005).
Various cytoplasmic adaptor proteins have been shown to interact with the
YENPTY motif, including members of the X11 family (Borg et al. 1996; Miller et
al. 2006), Fe65 (Borg et al. 1996), Dab-1 (Homayouni et al. 1999), and Jip1b
(Taru et al. 2002). Some of these interactions have been shown to affect the
intracellular localization and proteolytic processing of APP (Sabo et al. 1999;
Saito et al. 2008). Sorting proteins, such as sorLA (LR11), also regulate APP
processing by sequestering it from endosomal compartments (Schmidt et al.
2007) and preventing association with secretase enzymes (Spoelgen et al.
2006), leading to decreased AP production. Production of AR may also be
suppressed by factors that target full-length APP or its C-terminal fragments to
the proteasome or lysosome for y-secretase-independent degradation (Caporaso
et al. 1992; Knops et al. 1992; Nunan et al. 2003). Recent studies have
suggested a role for ubiquilin in the regulation of APP trafficking and processing
(Hiltunen et al. 2006). Specifically, reduction in proteins levels of ubiquilin
accelerated the maturation of APP through the secretory pathway, which was
associated with increased secretion of APP and increased production of AB.
Here, we show that ubiquilin can sequester APP in early secretory
compartments and delay its proteolytic processing. Because ubiquilin has
previously been shown to regulate the proteolysis of numerous other substrates,
we also investigated the effect of ubiquilin overexpression on proteasomal and
lysosomal degradation. We found that ubiquilin is a potent inhibitor of

proteasomal degradation of APP. Surprisingly, however, overexpression of
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ubiquilin was also associated with increased ubiquitination of APP. We
hypothesize that ubiquitination in this context serves as a sorting signal that
regulates the intracellular trafficking of APP and subsequent secretase

processing.

MATERIALS AND METHODS

Cell Lines

Human Hela cells were purchased from ATCC and cultured in DMEM
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin. Rat PC12 pheochromocytoma cells were purchased from ATCC.
They were cultured in propagation media, which consisted of DMEM
supplemented with 10% FBS, 5% horse serum, 100 U/ml penicillin, 100 pg/ml
streptomycin. For experiments in which the PC12 cells were differentiated, cells
were passed such that they were approximately 30% confluent at the time of
differentiation. The media was changed to differentiation media, which consisted
of DMEM supplemented with 1% FBS and 2% horse serum. Nerve growth factor
(NGF) was added to the differentiation media at a final concentration of 50 ng/ml.
Neuronal-like processes were visible by light microscopy within 24 hours of NGF
addition.

Primary cortical neurons were obtained from embryonic rat pups. Briefly,
adult (~300 g) Sprague-Dawley timed pregnant (embryonic day 17-19) rats were
anesthetized by i.p. injection with 150 mg/kg ketamine and 10 mg/kg xylazine.
The uterus was removed and dissected to reveal the embryonic rats, and the
cortex was dissected from the embryonic pups and enzymatically dissociated for

in vitro neuronal cell culture. Primary cortical neurons were cultured on poly-D-
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lysine-coated glass coverslips in Neurobasal medium (Invitrogen) supplemented
with 2% B-27 supplement, 250 yM L-glutamine, 25 yM B-mercaptoethanol, 100
U/ml penicillin, 100 pg/ml streptomycin. L-glutamate at a final concentration of 25
MM was added to the medium for the initial plating. Subsequent medium changes
were done by removing half the medium and replacing it with fresh medium

without L-glutamate.
Expression Constructs

To generate an APP-GFP fusion construct, APPggs was amplified using
polymerase chain reaction (PCR), incorporating a 5’ Hindlll restriction site and a
3’ Sacll restriction site, and was cloned in frame to the Hindlll-Sacll sites of the
pmaxFP™-Green-N mammalian expression vector (Amaxa). This vector has
been described elsewhere, and the particular green fluorescent protein (GFP)
variant has been shown to have no effect on proteasomal degradation (Baens et
al. 2006). PCR primers were 5-TTC AAG CTT CCA TGC TGC CCG GTT TGG
CAC TG-3' and 5-TCC CCG CGG GTT CTG CAT CTG CTC AAA GAA CTT
GTA G-3'.

A GIcNAc-TI-mCherry fusion construct was kindly provided by Dr. Joachim
Seemann. This construct encodes the cytoplasmic and transmembrane domains
of N-acetylglucosaminyltransferase |, a Golgi-resident enzyme, fused to the
mCherry red fluorescent protein, which replaces the C-terminal luminal catalytic

domain of the enzyme.
GlIcNAc-TI Stable Cell Line

The GIcNAc-TI-mCherry construct was linearized by digesting with

EcoO109I/Drall, which cuts once within the pmCherry-N1 vector sequence. The
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linearized DNA was gel-purified and transfected into PC12 cells. One day post-
transfection, the culture media was changed to selection media containing 1.5
mg/ml G418. Selection efficiency was determined by monitoring cell death in a
control plate of non-transfected cells in selection media. When there were no live
cells remaining in the control plate, the transfected cells were split such that the
density was low enough to detect individual colonies. Individual clonal colonies
were removed and expanded separately and maintained in PC12 culture media

containing 1 mg/ml G418.
Cycloheximide (CHX) Chase Experiments

CHX (100 mg/ml in DMSO) was purchased from Sigma (Catalog No.
C4859). A 1 mg/ml working stock was made by diluting the solution in deionized
water immediately prior to use. The working stock was diluted in cell culture
media at a final concentration of 50 pg/ml prior to adding it to the cells. All of the
media for the entire experiment was prepared at the same time and added to
each group simultaneously.

PC12 cells were plated on 60 mm plates (a separate plate was used for
each time point). Cells in the treatment group were transfected with myc-tagged
ubiquilin, and control cells were transfected with an empty vector (pcDNA3.1).
Two days after transfection, cells were treated with CHX. At the specified time
point, one plate from each group was snap-frozen in liquid nitrogen, and plates
were stored at -80°C until processing. After completion of the time course, cells
were lysed in a Triton-based lysis buffer, and lysates were run on a 4-20%
gradient gel and analyzed by Western blot analysis with a polyclonal anti-A
antibody (Millipore). Blots were stripped and re-probed with an anti-c-myc

antibody (Roche) to detect overexpressed ubiquilin.
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To isolate lysosomal degradation, cells were pre-treated for 15 minutes
with the proteasome inhibitor MG132 (EMD Biosciences, Cat No. 474790) at a
final concentration of 10 uM. To isolate proteasomal degradation, cells were pre-
treated for 15 minutes with the lysosomal inhibitor ammonium chloride (NH4Cl) at
a final concentration of 25 mM. Both inhibitor treatment groups were compared to
controls cells pre-treated with vehicle alone (dimethyl sulfoxide; DMSO). For all
CHX chase experiments, control and treatment samples were handled under

identical conditions, and blots were exposed simultaneously on the same film.
Subcellular Fractionation

PC12 cells were transfected with myc-tagged ubiquilin or a control empty
vector. The next day, cells were treated for two hours with either 50 uyg/ml CHX
or vehicle alone (DMSO). Cells were then collected, snap-frozen in liquid
nitrogen, and lysed with a glass-on-glass dounce homogenizer in Buffer A (10
mM Tris-HCI pH 7.5, 250 mM sucrose, 1 mM EGTA, and protease inhibitors).
Lysis and all subsequent fractionation steps were performed at 4°C. First, nuclei
and unbroken cells were removed by centrifugation at 1000 xg for 15 minutes.
The cleared supernatants were then centrifuged at 10,000 xg for 15 minutes. The
10,000 xg pellets, which contain rough ER, high-density Golgi, plasma
membrane, and lysosomal fractions, were resuspended in Buffer A, and the
supernatant was centrifuged at 15,000 xg for 15 minutes to remove residual
mitochondria. The 15,000 xg supernatant was centrifuged at 100,000 xg in a
benchtop ultracentrifuge. The 100,000 xg pellets, which contain smooth ER, low-
density Golgi, and small vesicles, were resuspended in Buffer A. The 100,000 xg

supernatant consisted of the cytosolic fraction.
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Cell Surface Biotinylation

Hela cells were plated on 10 cm plates and transfected with myc-tagged
ubiquilin or a control empty vector. The next day, the media was removed, and
cells were washed three times with 10 ml sterile ice-cold phosphate-buffered
saline (PBS) pH 8.0 (137 mM NaCl, 2.7 mM KCI, 10 mM Na;HPO4, 1.8 mM
KH2PO4), 2 mM MgCl,, 1 mM CaCl,. Sulfo-NHS-SS-Biotin (Pierce) was dissolved
in ice-cold PBS pH 8.0, 2 mM MgClz, 1 mM CaCl, at a final concentration of 1
mM, and 6 ml of this biotin labeling solution was added to each plate. Plates
were gently agitated on an orbital shaker for 3 hours at 4°C to ensure even
coverage with the labeling solution. Following incubation, the labeling solution
was removed, and cells were incubated in 8.5 ml quenching solution (PBS pH
8.0, 10 mM Tris, 100 mM glycine) for 10 minutes at 4°C. Cells were then lysed in
250 ul RIPA buffer (25 mM Tris-HCI pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) containing protease
inhibitors. Lysates were cleared at 10,000 xg for 20 minutes at 4°C, and protein
content of the supernatant was determined by the Bradford method. A total of
500 pg protein (~1 mg/ml in RIPA buffer) was added to 25 pl bed volume
NeutrAvidin™ agarose resin (Pierce), and mixtures were incubated overnight at
4°C with rotation. The resin was washed 10 times with RIPA buffer containing
protease inhibitors and boiled at 95°C in 25 ul 2X SDS sample buffer, and eluted
proteins were analyzed by SDS-PAGE and Western blot analysis.
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RESULTS

Ubiquilin Inhibits APP Maturation and Sequesters APP in the Golgi
Apparatus

To investigate the effects of ubiquilin overexpression on APP maturation
and trafficking through the Golgi apparatus, we monitored the fate of APP and
APP fragments in PC12 cells treated with cycloheximide (CHX), an inhibitor of
protein synthesis. Trafficking through the Golgi is monitored by the transition of
APP from an immature form, which migrates faster on SDS-PAGE, to a mature
more slowly migrating form that has undergone O-linked glycosylation
(Weidemann et al. 1989; Tomita et al. 1998). Addition of CHX resulted in a time-
dependent loss of immature APP levels followed by a subsequent loss of mature
levels at later time points, consistent with trafficking of newly synthesized APP
through the Golgi, where it is glycosylated, to post-Golgi compartments where it
is eventually degraded (Fig. 3.1A). When PC12 cells are transfected with
ubiquilin, the mature form of APP is degraded much more rapidly, and the
immature form of APP persists throughout the time course (Fig. 3.1B). These
results suggest that ubiquilin may modulate APP maturation by sequestering
immature APP.

To further explore the possibility that ubiquilin traps APP in early secretory
compartments, subcellular fractionation experiments were performed to examine
the vesicular compartmentalization of mature and immature APP in the presence
and absence of ubiquilin. PC12 cells were treated with CHX or a vehicle-only
control for two hours, homogenized, and subjected to differential centrifugation.
Lysates were separated into 10,000 xg pellets (heavy membranes such as rough

ER, plasma membrane, high density Golgi, and mitochondria) and 100,000 xg
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pellets (light membranes such as smooth ER, low density Golgi, and small
vesicles). In mock (GFP)-transfected cells, the 10,000 xg pellets contained
immature and mature forms of endogenous APP when probed with an anti-AB
antibody (Fig. 3.2A). An additional band with slightly faster mobility was
observed (marked by an asterisk) in fractionation experiments but not observed
in whole cell lysates, which may correspond to APP prior to N-linked
glycosylation. In control cells, addition of CHX for two hours resulted in the loss
of mature and immature APP in both fractions. In contrast, in PC12 cells
overexpressing ubiquilin, the immature form of APP persists in the 10,000 xg
pellet after CHX treatment, suggesting that ubiquilin stabilizes APP in high-
density secretory compartments.

Sequestration of APP in the secretory pathway would prevent vesicular
trafficking of APP to the cell surface. To explore this hypothesis, cell surface
biotinylation experiments were performed to determine if ubiquilin overexpression
was associated with decreased plasma membrane expression of APP. We
observed a decrease in plasma membrane levels, and a corresponding increase
in intracellular levels, of endogenous APP in cells overexpressing ubiquilin (Fig.

3.2B).
Ubiquilin Delays the Proteolytic Processing of APP

Real-time trafficking of APP was also investigated using live cell imaging
of NGF-differentiated PC12 cells expressing an APP-GFP fusion construct
consisting of a GFP moiety fused to the C-terminus of full-length APP (Fig.
3.3A). To visualize APP localization within the secretory pathway, we generated
a stable cell line expressing the Golgi-resident enzyme N-

acetylglucosaminyltransferase | (GIcNAc-TI) (Kumar et al. 1990) fused to the
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mCherry red fluorescent protein and transiently expressed an APP-GFP fusion
protein in this cell line (Fig. 3.3B). We found that ubiquilin expression greatly
increased co-localization of APP-GFP with GIcNAc-TI, supporting the hypothesis
that ubiquilin regulates exit of APP from the Golgi apparatus (Fig. 3.3C).

Live imaging of PC12 cells expressing APP-GFP was also used to
simultaneously monitor APP trafficking and processing in real time. Proteolytic
processing of the APP-GFP construct is predicted to liberate GFP (along with the
AICD) from the membrane, resulting in diffuse cytosolic fluorescence (Fig. 3.3A).
Prior to addition of CHX, a punctate pattern of GFP fluorescence was observed
in cells expressing APP-GFP (Fig. 3.4A, upper left panel), corresponding to a
predominantly vesicular localization of APP-GFP, as expected. After addition of
CHX, this punctate fluorescence was gradually replaced by diffuse cytosolic
fluorescence over time (Fig. 3.4A, upper right panel). In contrast, in cells co-
expressing ubiquilin, the punctate pattern of fluorescence persisted for much
longer after the addition of CHX (Fig. 3.4A, lower panels), suggesting that
ubiquilin is able to delay the proteolytic processing of APP. The transition from
punctate to diffuse fluorescence can be quantified as the punctate/diffuse index
(Goldstein et al. 2000). As shown in Fig. 3.4B, APP-GFP has a reduction in the
punctate/diffuse index over time after CHX addition, indicating APP processing
and liberation of GFP-AICD, as expected. In contrast, co-expression of ubiquilin
almost completely abrogates APP-GFP processing over this time course.

Identical results were obtained with primary cortical neurons (Fig. 3.4C).
Ubiquilin Inhibits the Proteasomal Degradation of APP

Ubiquilin and other members of the UBL-UBA family of proteins have been

shown to regulate the degradation of various substrates (Chen and Madura
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2002; Gao et al. 2003; Kim et al. 2008b). Our results indicate that ubiquilin
sequesters APP and delays secretase-dependent processing. To investigate
whether ubiquilin regulates secretase-independent proteolysis of APP, the ability
of overexpressed ubiquilin to modulate the half-life of endogenous APP was
examined. To specifically examine lysosomal degradation of APP, cells were pre-
treated with the proteasome inhibitor MG132 for 15 minutes prior to adding CHX
at time zero. As shown in Fig. 3.5A, APP was rapidly degraded in the absence of
MG132, and this degradation was partially attenuated by proteasome inhibition.
Ubiquilin overexpression had no effect on lysosomal degradation. To examine
proteasomal degradation, cells were pre-incubated with the lysosome inhibitor
ammonium chloride (NH4Cl). NH4Cl inhibited APP degradation to a greater extent
than MG132, which is consistent with previous studies which show that a majority
of APP is degraded in acidic compartments, including lysosomes (Caporaso et
al. 1992; Knops et al. 1992). Expression of ubiquilin almost completely inhibited
APP degradation in the presence of lysosome inhibitors (~80% remaining after
two hours), indicating that ubiquilin is a potent inhibitor of proteasomal

degradation of APP (Fig. 3.5B).
Ubiquilin Increases the Ubiquitination of APP

Ubiquitin is a small (~8.5 kDa) protein which is covalently attached to the
ge-amine group of lysine residues on target proteins via an isopeptide bond.
Polyubiquitin chains conjugated to lysine 29 (Lys®) or Lys*® of ubiquitin itself
target a substrate protein for proteasomal degradation. We hypothesized that
ubiquilin suppressed the proteasomal degradation of APP by inhibiting its
ubiquitination. To investigate whether ubiquilin regulates the ubiquitination of

APP, APP was immunoprecipitated from cells co-expressing hemagglutinin (HA)-
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tagged ubiquitin and ubiquilin. Unexpectedly, our results indicate that expression
of ubiquilin markedly increased ubiquitination of endogenous APP (Fig. 3.5C).
This effect was much more pronounced in cells treated with MG132. Thus,
ubiquilin is a potent inhibitor of APP proteasomal degradation (Fig. 3.5B) and
also promotes ubiquitination of APP (Fig. 3.5C). These results suggest that
ubiquitination of APP in this context does not serve as a degradation signal, but

rather may function as a sorting signal.
DISCUSSION

In the present study, we show that ubiquilin delays the maturation of APP
through the secretory pathway by sequestering it in the Golgi apparatus and
prevents its transport to the cell surface. We have also shown that ubiquilin is
able to delay the proteolytic processing of APP and subsequent release of the
AICD into the cytosol. Furthermore, we show that ubiquilin inhibits the
proteasomal degradation of APP while increasing the ubiquitination of APP,
suggesting that ubiquitin serves as a sorting signal, rather than a degradation
signal, in this context.

Our results are in agreement with previous studies, which showed that
reduced ubiquilin protein levels correlated with accelerated maturation of APP
(Hiltunen et al. 2006). Our findings regarding the stabilization of APP in the
presence of overexpressed ubiquilin are also in agreement with these previous
studies, which showed the converse — ubiquilin knockdown was associated with
decreased protein levels of full-length APP (Hiltunen et al. 2006). Ubiquilin and
its homologues have also been shown to stabilize other proteasomal substrates,

including the presenilins (Mah et al. 2000). However, in the case of the
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presenilins, ubiquilin leads to decreased ubiquitination (Massey et al. 2004). Our
studies reveal that ubiquilin promotes ubiquitination of APP (Fig. 3.5C).

Ubiquitin can be conjugated as a single molecule, or additional ubiquitin
molecules can be further conjugated to lysine residues on ubiquitin itself, forming
a polyubiquitin chain. Polyubiquitin chains conjugated to Lys®® or Lys*® of
ubiquitin serve as degradation signals, whereas monoubiquitin and Lys®-linked
polyubiquitin chains function in a signaling capacity (Hicke and Dunn 2003).
Ubiquitination of proteins, particularly monoubiquitination, is a sufficient sorting
signal in both the secretory and endocytic pathways. Ubiquilin and other UBA-
containing proteins have been shown to bind both monoubiquitin and
polyubiquitin chains (Zhang et al. 2008) and are known to control the cellular
trafficking of ubiquitinated substrates (Bedford et al. 2001; N'Diaye et al. 2008;
Saliba et al. 2008). It is possible that ubiquilin sequesters APP in the Golgi
apparatus by binding to ubiquitinated APP and preventing recruitment of APP
into vesicular trafficking complexes. The increase in APP ubiquitination that is
observed in the presence of ubiquilin may be due to the promotion of
monoubiquitination or K63-linked polyubiquitination of APP. It is also possible
that ubiquilin binds to monoubiquitin or short K48-linked chains and prevents
chain elongation, deubiquitination, and proteasomal degradation. This ubiquitin
‘capping” mechanism has been described for other UBL-UBA proteins (Ortolan
et al. 2000; Hwang et al. 2005) and would explain how ubiquilin leads to
decreased proteasomal targeting while simultaneously increasing the overall
accumulation of ubiquitinated APP in the cell.

The regulatory role of ubiquilin in the coordination of APP trafficking and

degradation may constitute a critical mechanism for ensuring proper protein
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sorting and limiting contact with specific intracellular compartments. Our results
suggest that ubiquilin is a component of a trafficking “checkpoint” within the
secretory pathway that prevents excessive amyloidogenic processing of APP by
sequestering it from secretase enzymes. More research is needed to elucidate
the mechanisms by which ubiquilin regulates APP trafficking and ubiquitination

and how these processes are coordinated with one another.
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Figure 3.1: Ubiquilin inhibits APP maturation.
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(A) Fate of mature (M) and immature (Im) levels of endogenous APP in PC12
cells after cycloheximide (CHX) addition. Time is indicated in minutes. (B) Fate
of APP in PC12 cells transfected with ubiquilin as in (A). Ubiquilin expression
was probed by anti-myc staining.
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Figure 3.2: Ubiquilin sequesters APP in the Golgi apparatus and inhibits transport
to the cell surface.
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(A) Subcellular fractionation and endogenous APP distribution in GFP
expressing PC12 cells (mock) or ubiquilin expressing cells before and after 2 h of
CHX treatment. APP fragments are indicated. (*) indicates an unidentified
reactive band which has faster mobility than Im, possibly full-length APP which
has not undergone N-linked glycosylation in the ER. 10K, 10,000 xg pellet; 100K,
100,000 xg pellet. (B) Cell surface biotinylation of endogenous APP with or
without ubiquilin expression. PM, plasma membrane; WCL, whole cell lysate.
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Figure 3.3: APP-GFP co-localizes with a Golgi marker in PC12 cells
overexpressing ubiquilin.
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(A) Schematic representation of the membrane topology of APP-GFP. Secretase
processing is predicted to release AICD-GFP from the membrane into the bulk
cytosol (resulting in diffuse fluorescence). (B) APP-GFP (green) and GIcNAc-TI
(red) expression in PC12 cells with or without ubiquilin. (C) Colocalized pixels
(white). Note the greatly increased co-localization of APP-GFP with GIcNAc-TI in
ubiquilin expressing cells. Co-localization was quantified using the ImagedJ suite,
with a white pixel being inserted in pixels containing fluorescence in both
channels.
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Figure 3.4: APP-GFP processing in PC12 cells and primary cortical neurons.
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(A) Raw images of nerve-growth factor (NGF) differentiated PC12 cells
expressing APP-GFP or APP-GFP plus ubiquilin. Images were taken prior to
CHX addition (0 min) and 40 min after addition. (B) Quantification of the change
in fluorescence from punctate to diffuse over time in single PC12 cells. The
punctate/diffuse index is essentially the normalized standard deviation of GFP

fluorescence in an entire cell.

A reduction

in this index indicates more

homogeneous (i.e., diffuse) distribution of fluorescence. Solid line indicates no
change. (C) Punctate/diffuse index of APP-GFP in primary rat cortical neurons as

in (B).
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Figure 3.5: Ubiquilin inhibits APP degradation and increases APP ubiquitination.
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(A) Time course of degradation of APP after cycloheximide addition in the
absence or presence of proteasomal inhibitor MG132 (thus indicative of
lysosomal degradation). Quantification of band intensities is below the blots. (B)
Time course of degradation of APP after cycloheximide addition in the absence
or presence of lysosomal inhibitor NH4Cl (thus indicative of proteasomal
degradation). Quantification of band intensities is below the blots. Chloroquine
gave similar results. (C) Ubiquitination of endogenous APP in the presence or
absence of MG132. APP was immunoprecipitated and the blots were probed with
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an anti-ubiquitin (Ubq) antibody. In the first four lanes the cells were expressing
HA-tagged ubiquitin (HA-Ub). Quantification of ubiquitinated APP levels in the
presence of HA-Ub is given below the blots.
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Chapter 4: Ubiquilin is a Molecular Chaperone for the Amyloid
Precursor Protein

ABSTRACT

Alzheimer’s disease (AD) is associated with extracellular deposition of
proteolytic fragments of amyloid precursor protein (APP). Although mutations in
APP and proteases that mediate its processing are known to result in familial,
early-onset forms of AD, the mechanisms underlying the more common sporadic,
yet genetically complex, forms of the disease are still unclear. Four single
nucleotide polymorphisms (SNPs) within the UBQLN1 gene have been shown to
be genetically associated with AD, implicating its gene product in the
pathogenesis of late-onset AD. However, genetic linkage between ubiquilin and
AD has not been confirmed in studies examining different populations. Here we
show that regardless of genotype, ubiquilin protein levels are significantly
decreased in late-onset AD patient brains, suggesting that diminished ubiquilin
function may be a common denominator in AD progression. Our interrogation of
putative ubiquilin activities based on sequence similarities to proteins involved in
cellular quality control showed that ubiquilin can be biochemically defined as a
bona fide molecular chaperone and that this activity is capable of preventing the
aggregation of APP both in vitro and in live neurons. Furthermore, we show that
reduced activity of ubiquilin results in augmented production of pathogenic APP
fragments as well as increased neuronal death. Our results support the notion
that ubiquilin chaperone activity is necessary to regulate the production of APP
and its fragments, and that diminished ubiquilin levels may contribute to AD
pathogenesis.

60



INTRODUCTION

Alzheimer’s disease (AD) is associated with extracellular deposition and
aggregation of proteolytic fragments of amyloid precursor protein (APP). In
normal physiology, full-length APP is cleaved by a series of enzymes, called
secretases. Sequential cleavage of APP by 3-secretase followed by y-secretase
generates a soluble extracellular fragment, the amyloidogenic AB peptide, and
the APP intracellular domain (AICD) (De Strooper and Annaert 2000). There are
multiple y-secretase cleavage sites within APP, leading to the production of
various AB fragments of different lengths (Sisodia and St George-Hyslop 2002).
The two major AR peptides differ in length by two residues, and the longer AR
peptide is more amyloidogenic than the AB4o species (Findeis 2007). Distinct
mutations in the genes for APP and the enzymes responsible for its cleavage are
associated with increased amyloidogenesis and have been linked to early-onset
familial forms of the disease (Tanzi and Bertram 2005). The pathogenesis of the
more common sporadic late-onset form of the disease, however, is still unclear.

Recently, genetic studies have linked the UBQLN1 gene (which encodes
the ubiquilin-1 protein) to late-onset AD (Bertram et al. 2005; Kamboh et al.
2006). These studies have suggested that alterations in the levels of full length or
splice variants of ubiquilin-1, due to the presence of particular SNPs in its
promoter or intron regions, respectively, may be related to the development of
late-onset AD (Bertram et al. 2005; Slifer et al. 2005; Kamboh et al. 20006).
However, similar analyses with different populations have found weak (Golan et
al. 2008) or no (Bensemain et al. 2006; Brouwers et al. 2006; Slifer et al. 2006;
Smemo et al. 2006; Arias-Vasquez et al. 2007; Bertram et al. 2007; Chuo et al.
2010) associations. These discrepancies may be explained, at least partially, by
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the presence of as yet uncharacterized SNPs throughout and beyond the
ubiquilin-1 locus that modulate its production (and that of putative functional
variants).

Ubiquilin-1 is a ~63 kDa multi-domain protein that is a member of the UBL-
UBA family of proteins, which contain a ubiquitin-like (UBL) domain at the N-
terminus and a ubiquitin-associated (UBA) domain at the C-terminus. The UBL
domain has structural homology to ubiquitin and has been shown to bind the S5a
subunit of the 19S proteasome cap (Buchberger 2002; Walters et al. 2002). The
UBA domain has been shown to bind directly to ubiquitin (Wilkinson et al. 2001;
Raasi et al. 2005; Zhang et al. 2008). One functional model suggests that UBL-
UBA proteins promote protein degradation by serving as shuttles that link
ubiquitinated substrates to the proteasome (Buchberger 2002). However,
ubiquilin and its homologues have also been shown to stabilize a number of
proteasome substrates (Kleijnen et al. 2000; Mah et al. 2000; Feng et al. 2004;
Massey et al. 2004; Hwang et al. 2005), suggesting that the functions of UBL-
UBA proteins may be subject to regulatory control. The central region of ubiquilin
contains two regions of similarity to the co-chaperone Sti-1 (also known as Hop).
STl domains mediate hydrophobic protein-protein interactions and may possess
intrinsic chaperone activity (Kamionka and Feigon 2004; Zhao et al. 2006).

The molecular mechanism by which the ubiquilin protein contributes to the
pathogenesis of late-onset AD is still unclear. Ubiquilin has previously been
shown to interact with presenilin proteins (Mah et al. 2000), which constitute the
catalytic core of the y-secretase (Wolfe et al. 1999; De Strooper 2003). One
group showed that knockdown of ubiquilin by RNA interference (RNAI)

accelerated APP maturation and increased production of AB in cultured cells,
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independently of any changes in B- or y-secretase levels (Hiltunen et al. 2006).
This suggests that a relationship exists between ubiquilin and APP that is
independent of PS proteins. In this same study, researchers used FRET to show
that APP and ubiquilin come within close proximity in live cells; however, direct
binding of the two proteins could not be confirmed (Hiltunen et al. 2006).

Here we show that ubiquilin protein levels in patients are negatively
correlated with Braak stage, an index of neurofibrillary tangle pathology.
Ubiquilin was found to possess intrinsic molecular chaperone activity and protect
against the aggregation of AICD in vitro and APP in vivo. Furthermore,
decreased ubiquilin levels resulted in increased pathogenic processing of APP
and subsequent cell death. Our results are consistent with the conclusion that
ubiquilin chaperone activity regulates APP biosynthesis and processing, and that

diminished ubiquilin levels may contribute to late-onset AD pathogenesis.

MATERIALS AND METHODS

AD Brain Samples

Human frontal cortex samples were obtained from the Joseph and
Kathleen Bryan Alzheimer’s Disease Research Center (Duke University Medical
Center) (Hulette et al. 1997), genotyped by the Molecular Genomics Core at
UTMB, and analyzed by SDS-PAGE and Western blotting. Ubiquilin protein level

was normalized to a/B-tubulin.
Cell Lines

Human Hela cells, rat PC12 cells, and rat primary cortical neurons were

cultured and prepared as previously described (Chapter 3).

63



Antibodies

For Western blots, immunoprecipitation experiments, filter trap
experiments, and APP immunofluorescence, a polyclonal antibody directed
against amino acids 1-10 of the AB peptide was used to detect APP (Millipore).
All experiments were confirmed with anti-APP 6E10 monoclonal antibody. For
dot blot experiments, a polyclonal antibody directed against the C-terminal of
human APPggs (a peptide fragment generated by e-cleavage of C83 or C99) was
used to detect purified AICD (Covance).

A monoclonal anti-ubiquilin antibody (Invitrogen) directed against a
recombinant protein derived from an internal region of the human ubiquilin
protein was used to detect endogenous and overexpressed ubiquilin. A
monoclonal anti-c-myc antibody (Roche) was also used to verify overexpression
of myc-tagged ubiquilin in cellular aggregation, AR detection, and cell death

experiments.
Yeast Two-hybrid

The yeast two-hybrid screen of a rat cDNA library with human ubiquilin-1
as bait was performed with the Matchmaker GAL4 Two-Hybrid system
(Clontech). Human ubiquilin cDNA was cloned into the pGBKT7 yeast expression
vector to express a GAL4 DNA-binding domain fusion protein. Prey proteins from
a rat brain cDNA library were expressed as GAL4 activation domain fusions.
Expression was verified by Western blotting with antibodies corresponding to
epitope tags encoded in the vectors. The screening methodology and library
have been described elsewhere (Boehning et al. 2003). Positive clones grew on
minimal SD agar lacking adenine, histidine, leucine, and tryptophan, and had 3-

gal activity.
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Recombinant Proteins

Recombinant polyhistidine (His)-tagged ubiquilin proteins were generated
by amplifying fragments of human ubiquilin cDNA (kindly provided by Dr. Mervyn
J. Monteiro), incorporating a 5’ Sall restriction site and a 3’ Xbal restriction site,
and cloning in frame to the Sall-Xbal sites of the pProEx-HT bacterial expression
vector (Invitrogen). PCR primers were as follows: 5-AAA GTC GAC AAT GGC
CGA GAG TGG TGA AAG C-3' (forward); 5-CGC TCC TGC TCT AGA CTA
TGA TGG CTG GGA-3’ (full-length, reverse); and 5-GCT CTA GAC TAA GAC
AAA AGT TGT CGC TGC ATC TGA CT-3' (UBL, reverse). The UBL construct
consists of residues 1-181 of human ubiquilin. Proteins were purified using
TALON cobalt-based metal affinity resin (Clontech). Purified protein was stored
in PBS with 10% glycerol at -80°C, unless otherwise noted.

Recombinant glutathione S-transferase (GST)-tagged AICD was
generated by amplifying the AICD sequence (amino acid residues 649-695;
APPg95 numbering) from full-length APPgsgs (kindly provided by Dr. Hui Zheng),
incorporating a 5 BamH]I restriction site and a 3’ EcoRI restriction site, and
cloning into the BamHI-EcoRI sites of the pGEX-4T-1 vector (GE Life Sciences),
which encodes a thrombin recognition site for removal of the tag from the protein
product. PCR primers were 5-CGC GGA TCC AAG AAA CAG TAC ACA TCC
ATT-3" and 5-CGG AAT TCC CTA GTT CTG CAT CTG CTC AAA GAA-3'. Pure
AICD for in vitro aggregation experiments was generated by cleavage of GST
with thrombin protease. Thrombin was added to GST-AICD at an approximate
final concentration of 1 NIH unit per 70 ug protein, and the reaction was
incubated overnight at 37°C to induce cleavage. GST was removed by sequential
extractions with glutathione sepharose beads. Complete removal of GST was
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verified by SDS-PAGE followed by Coomassie staining. A dot blot with an AICD-
specific antibody was used to verify presence of pure AICD in the final eluate.
For every 70 pg of GST-AICD in the reaction, approximately 3 ug of pure AICD
was recovered. Pure AICD was stored in PBS with 10% glycerol at -80°C in
single-use aliquots until use, unless otherwise noted. Although the AICD aliquots
used for experiments contained low levels of thrombin, we determined with
control experiments that the thrombin did not contribute any spectral artifacts or

have any effects on aggregation or protection of AICD.
Expression Constructs

The APP-GFP construct was described previously (Chapter 3). For the
UBL domain expression constructs, the UBL domain sequence was cut from the
previously generated pProEx-HT-UBL bacterial expression construct with Sall
and Xhol, which generated a fragment containing the UBL sequence with a short
C-terminal stretch of the pProEx-HT multiple cloning site. This fragment was
subsequently cloned into the Sall-Xhol sites of the pCMV-Myc mammalian

expression vector (Clontech).
RNA Interference

Stealth-modified double-stranded RNA against the human ubiquilin-1 gene
(sense sequences, 5-ACA AAC GUU GGA ACU UGC CAG GAA U-3’; 5-GGA
ACC AAU GCU GAG UGC UGC ACA A-3’; 5-CCU UGU UAC AGA UUC AGC
AGG GUU U-3’) and the rat ubiquilin-1 gene (sense sequences, 5-GCC GCA
AGA UAA UUC AGC UCA GCA A-3’; 5-CCC UUU GUG CAG AGC AUG cucC
UCA A-3’; 5-GAG CCU UGA GCA ACC UAG AAA GUA U-3’) was obtained from

Invitrogen. Transfection with Lipofectamine 2000 (Invitrogen) of various doses
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and combinations of the RNA duplexes was used to determine that a
combination all three duplexes at a final concentration of 100 pmol per milliliter of
cell culture media gave maximal knockdown. Universal control oligomers

(medium GC content) were also obtained from Invitrogen.
Citrate Synthase Inactivation

Citrate synthase (CS) inactivation experiments were carried out by plotting
initial velocity measurements of mixtures of the enzyme exposed to 43°C in the
presence and absence of ubiquilin, essentially as described (Buchner et al.
1998). Purified CS from porcine heart was purchased from Sigma. The original
ammonium sulfate storage solution was exchanged for Tris-EDTA (TE) buffer (50
mM Tris, 2 mM EDTA, pH 8.0) via dialysis, and protein concentration was
determined using absorbance at 280 nm. Single-use aliquots were snap-frozen in
liquid nitrogen and stored at -80°C until use. The CS activity assay is based on
the reaction in which CS catalyzes the condensation of oxaloacetic acid (OAA)
and acetyl-CoA to citrate and coenzyme A. When Ellman’s reagent (dithio-1,4-
nitrobenzoic acid, or DTNB) is included in the reaction mixture, an observable
increase in absorption at 412 nm occurs as DTNB is reduced by the reaction
product coenzyme A. The linear slope of the initial increase in absorption
represents the CS activity. For each activity assay sample, the reaction mixture
consists of 186 ul of TE buffer, 2 yl of 10 mM OAA in 50 mM Tris, 6 pl of 5 mM
acetyl-CoA in TE buffer, and 4 pl of the inactivation reaction (enzyme + putative
chaperone or control protein). Immediately prior to measurement, 2 yl of 10 mM
DTNB in TE buffer is added. The inactivation reaction is made up in 40 mM
HEPES-KOH, pH 7.5 and contains 0.15 pM CS in a total volume of 50 pl (final

concentration of CS in each sample is 3 nM). Full-length ubiquilin was purified
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immediately prior to inactivation experiments to avoid freeze-thaw and
cryopreservation artifacts. Before determining inactivation kinetics, the
background slope was determined by measuring the increase in absorption in the
absence of enzyme. This background slope was then subtracted from
subsequent measurements to get the true enzymatic activity. Initial maximal
enzymatic activity (zero time point) for each reaction was determined at 25°C,
then the reaction was transferred to a 43°C shaking thermomixer to induce
inactivation. Absorption measurements were taken at 0, 5, 10, 15, 20, 30, and 60
minutes. The slopes for each time point were then plotted to determine the

inactivation kinetics.
In vitro Aggregation of Purified AICD

For light scattering and sedimentation experiments, AICD was freshly
prepared to avoid freeze-thaw and cryopreservation artifacts. For light scattering
experiments, AICD was diluted to a final concentration of 1 yM in PBS, and the
final concentration of ubiquilin was 0.5 yM. Samples were maintained at a
constant temperature of 43°C to induce thermal aggregation. Absorbance
readings were taken every 10 minutes.

For sedimentation experiments, freshly cleaved and purified AICD and
purified ubiquilin (full-length and UBL) were incubated in at a final concentration
of 145 nM in 20 mM Tris (pH 8.0), 150 mM NaCl at 37°C to induce aggregation.
Aliquots of each aggregation reaction were removed and snap-frozen in liquid
nitrogen at 0, 24, and 48 hour time points for later processing. Each frozen
sample was thawed and half of each sample was centrifuged at 21,000 xg to
sediment aggregated material. Pellets were then resuspended in 20 mM Tris (pH

8.0), 150 mM NaCl, and both total and pellet fractions were spotted onto a
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nitrocellulose membrane. Membranes were blotted with an AICD-specific

antibody.
Atomic Force Microscopy (AFM)

For AFM sample preparation, frozen single-use aliquots of AICD were
thawed and incubated at a final concentration of 17.3 uyM in a total volume of 15
Ml with equimolar concentrations of ubiquilin proteins where applicable. Samples
were incubated at 43°C with shaking for 2 days to induce thermal aggregation.
Each sample was diluted 1:20 in deionized H,O prior to imaging. For imaging, 2
ul of the diluted reaction was placed onto a freshly cleaved mica surface and
allowed to dry overnight. Samples were imaged in air with a ‘home-built’ AFM
using a Nanotec Scanning Probe Microscope Control System (Dulcinea, Nanotec
Electronica) operating in tapping mode, using MSNL cantilevers (0.1N/m,
Veeco). Typical tapping amplitudes at imaging were 10-20 nm at the resonance
frequency of the cantilevers in air (30-50 kHz). Images were acquired at rates of
60 seconds per image (256 pixels, 2000 nm). Image processing was performed

with WSxM software (www.nanotec.es) (Horcas et al. 2007). Standard image

processing consisted of plane subtraction and flattening.
Cellular Aggregation Assays

For filter trap assays, PC12 cell pellets were resuspended in a Triton-
based lysis buffer, and total protein concentration was determined via the
Bradford method. Samples were briefly sonicated to shear DNA and centrifuged
at 16,000 xg for 30 minutes to remove cellular debris. Supernatants were spotted
onto a cellulose acetate membrane (0.22 ym pore size) in a dot blot apparatus

attached to a vacuum source. Gentle vacuum was applied to pull samples
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through the membrane, trapping protein aggregates larger than 0.22 ym in the
cellulose acetate. The membrane was then blotted with an APP antibody to
detect the presence of AB-containing aggregates.

For quantification of aggregates in cells, APP-GFP was overexpressed in
differentiated PC12 cells. Cells were fixed on glass coverslips in 4%
paraformaldehyde for 20 minutes. APP-GFP could be visualized directly in fixed
cells. For immunofluorescence of APPggs, cells were treated with formic acid prior
to addition of the primary antibody to recover the epitope. An Alexa Fluor 350-
conjugated secondary antibody (Invitrogen) was used. Quantification of
aggregates was performed in a double-blind manner, where slides were
prepared and cells were counted by two separate experimenters. Fluorescence
expression patterns were determined manually by an experimenter who was
blinded to the experimental condition.

Enzyme-linked Immunosorbent Assay (ELISA)

Secreted AB4o and AB4. levels were determined using colorimetric peptide-
specific ELISA kits (Invitrogen, CA, USA; Cat. Nos. KHB3481 and KHB3544).
Conditioned media from Hela cells over-expressing the construct of interest was
collected 48 hours after transfection and supplemented with phenylmethylsulfonyl
fluoride (PMSF) at a final concentration of 1 mM to prevent proteolysis of the AB
peptide. The conditioned media was cleared at 1000 xg for 5 minutes at 4°C, and
the supernatant was used for ELISA without dilution and according to the
manufacturer’s instructions.

Cell Death

Cell death was determined as described (Wozniak et al. 2006).
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Statistical Analyses

Cell counts of APP-GFP were statistically analyzed using Fisher's Exact
test using a 2x2 contingency table comparing multiple aggregates versus
aggregate free cells or single aggregates versus aggregate free cells. Statistical
significance in all other figures was determined by using unpaired two-tailed ¢
tests. All comparisons were considered significant if p<0.05 with the exception of
APP-GFP cell counts, in which p values less than 0.01 were determined to be

significant. Actual p values are provided in the figures.

RESULTS

Ubiquilin protein levels are reduced in AD cortex

In order to determine whether ubiquilin protein levels are altered in AD
patients, we genotyped and examined post-mortem frontal cortex samples from
20 late onset AD patients (Braak stages IlI-VI) and 20 gender- and age-matched
individuals with no cognitive impairment (Braak stages I-Il) (Fig. 4.1A; Table
4.1). We found that the accumulation of both ubiquilin splice variants detected by
Western blotting correlated inversely with the Braak stage classification of the
sample (Fig. 4.1A,B). Brain samples classified as Braak stages II-Vl show
marked reduction in total ubiquilin protein levels compared with stage | (Fig.
4.1B). Remarkably, we found no correlation between any of the genotyped
ubiquilin-1 SNPs with ubiquilin protein levels or with Braak stage. However,
consistent with previous findings (Strittmatter and Roses 1996), the €4 allele of
the apolipoprotein E (APOE) gene displayed strong association with occurrence
of AD in our patient cohort (Fig. 4.1A; Table 4.1). The marked reduction in

ubiquilin protein in these samples is not likely to simply result from brain atrophy
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characteristic of late Braak stages, as the levels of the cytoskeletal protein tubulin
are essentially unaltered in all samples examined. Moreover, since there is no
significant neuropathology in Braak stage Il (Braak and Braak 1991), yet ubiquilin
levels are already drastically diminished by that stage, our results suggest that
reduction in ubiquilin protein levels precede the neuropathological changes and
associated neuronal death in the cortices of AD patients, regardless of the
particular constellation of SNPs present throughout the ubiquilin-1 locus (Braak

and Braak 1991).
Ubiquilin interacts with APP

In order to explore a possible mechanism for the role of ubiquilin in AD, we
performed a yeast two-hybrid screen of a rat cDNA library with the human full
length ubiquilin-1 protein to identify putative interaction partners. Ten percent of
the clones isolated in the screen corresponded to the AICD or the intracellular
domain of its homolog APP-like protein (APLP) (Fig. 4.2A). To determine if this
interaction was relevant in a mammalian system, we transfected HelLa cells with
ubiquilin singly and in combination with APP and performed co-precipitation
experiments. Ubiquilin could be co-precipitated with both endogenous and
overexpressed APP (Fig. 4.2B), but only when cells were treated prior to lysis
with Lomant’s reagent (Dithio-bis[succinimidyl propionate]; DSP), a cell-permeant
crosslinking compound. This finding suggests that complex formation between
ubiquilin and APP is transient. To determine whether purified recombinant
ubiquilin was capable of interacting with native, endogenous APP, we performed
immunoprecipitations from rat brain lysates. Marginal binding of ubiquilin to
immobilized APP was detected at 4°C and this association was found to be

considerably strengthened by incubation at 37°C, which suggests that it is
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mediated by hydrophobic interactions (Fig. 4.2C). Both the transient nature and
the hydrophobic character of the interaction between ubiquilin and APP are
compatible with a chaperone-client relationship. This notion is supported by the
presence of the two STI domains within the ubiquilin sequence, which are known

to possess chaperone-like properties (Zhao et al. 2006).
Ubiquilin displays properties of a molecular chaperone

To investigate whether ubiquilin possesses chaperone activity, we tested
its capacity to protect the model client protein citrate synthase (CS) against
thermal inactivation, a biochemical hallmark of molecular chaperones (Buchner
et al. 1998). Upon exposure to elevated temperatures (43°C), CS is rapidly
inactivated via the production of reversible early unfolding intermediates that
subsequently aggregate. Productive binding and release of these intermediates
by a molecular chaperone increases their kinetic partition towards productive
refolding, thereby effectively stabilizing the native enzyme (Jakob et al. 1995).
We found that mixtures of CS containing ubiquilin were significantly stabilized
upon exposure to elevated temperature compared to those without it: the ¢, of
inactivation increased from ~3 min to ~19 min (Fig. 4.3A). Moreover, ubiquilin
provided considerably greater protection against thermal denaturation than the
well-characterized molecular chaperone Hsp90 at equivalent stoichiometries (1.
~6 min). Thus, ubiquilin can function as a bona fide molecular chaperone for this

model client.
Ubiquilin is a chaperone for the AICD in vitro

We next investigated whether ubiquilin exerts chaperone activity on APP,

a biologically relevant client. Having found that ubiquilin and the AICD are
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capable of forming complexes (Fig. 4.2), we tested whether ubiquilin was
capable of preventing the aggregation of AICD. We found that aggregation of
purified AICD could be induced by elevated temperature, a process that can be
followed kinetically by monitoring light scattering at 420 nm (Fig. 4.3B). In
contrast to AICD alone, mixtures containing ubiquilin and AICD displayed no
increase in light scattering over the entire duration of the experiment, indicating
that ubiquilin is capable of significantly suppressing AICD aggregation under
these conditions. In order to ascertain that AICD formed bona fide aggregates,
we examined its solubility properties by dot-blot analyses and its structural
characteristics by atomic force microscopy (AFM), which can image aggregates
with nanometer resolution and does not require staining or fixation (Gosal et al.
2006). Mixtures containing AICD and ubiquilin were found to be virtually free of
insoluble AICD, in contrast to mixtures containing only its UBL domain (Fig.
4.3C). When imaged by atomic force microscopy, total reaction mixtures
containing AICD and ubiquilin were found to contain no detectable aggregates,
whereas large (~50 nm) amorphous aggregates were prominently found in
reactions incubated without ubiquilin (Fig. 4.3D). Thus, it appears that ubiquilin is
capable of exerting chaperone activity on the AICD, preventing its aggregation
under various in vitro conditions, and that this activity does not reside on its UBL

domain.
Ubiquilin is a chaperone for APP in living cells

We next wished to determine whether ubiquilin functions as a molecular
chaperone for APP in living cells. We began by studying the behavior of the
neuronal splice variant of APP (APPggs) upon overexpression in nerve-growth

factor differentiated PC12 cells. We observed three distinct distribution patterns:
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(1) a diffuse or vesicular pattern, consistent with the localization of APP to
secretory compartments (~65% of the cells); (2) a single large aggregate, which
may correspond to an aggresome due to its size and perinuclear localization
(Johnston et al. 1998) (~20% of the cells); or (3) multiple aggregates present
throughout the soma and neurites (~15% of the cells) (Fig. 4.4A).
Overexpression of a fusion protein of APP with a C-terminal GFP moiety resulted
essentially in the same proportions and patterns of distribution (Fig. 4.4A), and
thus was utilized for subsequent experiments. When ubiquilin was co-
overexpressed in these cells, a significant reduction in the proportion of cells
containing single (~8%) and multiple (~12%) aggregates was consistently
observed, with a corresponding increase in the proportion of cells with no
aggregates (~80%) (Fig. 4.4B). We next wished to ascertain whether the ability
of ubiquilin to prevent APP aggregation was preserved in intact neurons and thus
performed similar overexpression experiments in rat primary cortical neurons
(Fig. 4.4C). We observed essentially the same trend: the number of cells without
any aggregates increased significantly when ubiquilin was co-overexpressed
compared to cells overexpressing APP-GFP alone (~69% vs. ~39%,
respectively), with the corresponding reduction in the number of cells containing
single (11% vs. 16%) and multiple (20% vs. 45%) aggregates. If the endogenous
steady-state levels of ubiquilin play a role in modulating the aggregation
properties of APP, then RNAi-mediated reduction of ubiquilin protein levels
should result in different patterns of APP localization. When we performed such
an experiment in PC12 cells, we observed that indeed, the fraction of cells with
multiple aggregates was increased when compared to cells treated with control

RNA (15.7% vs. 8.3%, respectively) (Fig. 4.4D). Interestingly, a reduction of ~5%

75



in the fraction of cells containing single aggregates was noted upon ubiquilin
knockdown, which may be related to an impairment of aggresome formation
under these conditions (Regan-Klapisz et al. 2005). In order to confirm that the
material described as aggregated in the above experiments actually
corresponded to insoluble APP, we performed filter-trap assays (Bailey et al.
2002) (Fig. 4.4E). Overexpressed APP was preferentially retained on the filter
compared to endogenous APP and, consistent with our microscopy results,
overexpression of ubiquilin resulted in a decrease in the accumulation of
insoluble overexpressed and endogenous APP (Fig. 4.4E). Taken together, our
results suggest that ubiquilin functions as a molecular chaperone to prevent the
aggregation of APP in neuronal cells.
Ubiquilin protects against AB toxicity

Since proteolytic products of APP, particularly AR peptides, play a critical
role in AD pathogenesis (Hardy and Selkoe 2002), and ubiquilin appears to
function in its cellular quality control, we sought to determine whether alterations
in ubiquilin levels led to effects on the amyloidogenic processing of APP. Levels
of secreted ABs2 and ABs were measured in the media of Hela cells
overexpressing APPggs. Since elevated production of AP42, which is more
aggregation prone than the AB4 species, has been shown to correlate with
disease states (Findeis 2007), we determined the fraction of AB42 to AB4p in our
experiments. Overexpression of APPggs in HeLa cells markedly elevated the ratio
of secreted AB42/AB4o compared to non-expressing cells (Fig. 4.5A). In contrast,
co-overexpression of APP with ubiquilin resulted in a significant decrease in the
ratio of secreted AB42/AB40, While co-overexpression of APP with the UBL domain

had no effect (Fig. 4.5A). This capacity of ubiquilin to reduce the production of
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pathogenic AB42 peptides prompted us to investigate whether ubiquilin may
protect against APP-induced toxicity and death (Fig. 4.5B). We found that ~25%
of HelLa cells die within 24 hours upon overexpression of APP. Significantly, cells
co-overexpressing APP and ubiquilin showed considerably reduced cell death
(~15%). If our notion that ubiquilin is able to protect cells against APP-induced
toxicity, then RNAi-mediated knockdown of endogenous ubiquilin should render
cells more susceptible to APP-induced cell death. When we performed such an
experiment, we observed that indeed the cell death rates were markedly
increased (~60%) (Fig. 4.5B). Thus, the strongly reduced ubiquilin protein levels
detected in the brains of AD patients (Fig. 4.1A,B) may render them particularly

susceptible to APP-related toxicity.
DiscussION

In the present study, we have shown that ubiquilin directly interacts with
the intracellular domain of APP. We have also shown that ubiquilin is able to
delay the thermal denaturation of CS and prevent the aggregation of AICD in
vitro and that overexpression of ubiquilin can prevent the aggregation of APP in
living cells. Furthermore, in agreement with previous studies (Hiltunen et al.
2006), we show that overexpression of ubiquilin reduces amyloidogenic
processing of APP. Ubiquilin overexpression also protects cells against APP-
induced toxicity, while ubiquilin knockdown exacerbates APP-induced cell death.
Coupled with the evidence that ubiquilin protein levels are decreased in brain
tissue from patients with tangle pathology, our results suggest that ubiquilin is a
bona fide molecular chaperone for APP and that decreased quality control of

APP may be an important mechanism for the pathogenesis of late-onset AD.
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Ubiquilin has previously been shown to interact with presenilin proteins
(Mah et al. 2000), which constitute the catalytic core of the y-secretase.
Specifically, ubiquilin decreases endoproteolysis of high molecular weight
presenilin species (Massey et al. 2004). Endoproteolysis of full-length presenilin
proteins, which may rely on the proteasome (Honda et al. 1999), is required to
generate the C- and N-terminal fragments that participate in y-secretase
assembly. Overexpression of ubiquilin decreased the levels of presenilin
fragments and two other y-secretase components (Massey et al. 2005). This
suggests that decreased y-secretase activity may accompany ubiquilin
overexpression, although this has not been directly tested. The results of the
present study indicate that a relationship exists between ubiquilin and APP that is
independent of the presenilin proteins. These findings are in agreement with a
previous study which showed that knockdown of ubiquilin by RNAI accelerates
the maturation of APP through the secretory pathway, independently of any
changes in B- or y-secretase levels (Hiltunen ef al. 2006).

In the present study, we provide evidence of a direct interaction between
ubiquilin and APP. The UBL domain is insufficient to prevent the aggregation of
APP, suggesting that the interaction involves the STI domains, the UBA domain,
or both. Furthermore, we show that ubiquilin is able to prevent the aggregation of
purified recombinant AICD, indicating that ubiquitination of APP is not required
for this interaction. It is plausible that the interaction with AICD involves the
central region of ubiquilin, which contains two tandem STI domains. STI domains
resemble co-chaperone molecules and have been shown to mediate
hydrophobic interactions (Kamionka and Feigon 2004). The AICD contains a

hydrophobic stretch of amino acids N-terminal to the conserved YENPTY
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sequence and encompassing the caspase cleavage site. Interestingly, the
hydrophobicity profile of the AICD is remarkably similar to the intracellular
domain of APLP, which was among the verified clones from our yeast two-hybrid
with ubiquilin.

According to our results, the ubiquilin-APP interaction displays
characteristics of a chaperone-client interaction. The interaction between
ubiquilin and the AICD is transient in nature, as evidenced by the crosslinking
requirement for co-precipitation experiments (Fig. 4.2B). The association is also
enhanced with elevated temperature (Fig. 4.2C), suggesting that hydrophobic
surfaces are involved, since higher temperatures are known to strengthen
hydrophobic interactions in macromolecules (Lesk 2003). Elevated temperatures
may also promote the partial unfolding of polypeptide chains, which exposes
hydrophobic surfaces that are normally buried in the native three-dimensional
structure. Molecular chaperones transiently associate with exposed hydrophobic
regions of client proteins, preventing inappropriate hydrophobic interactions that
may lead to aberrant folding or aggregation (Hartl and Hayer-Hartl 2009).
Interestingly, other groups have reported that ubiquilin plays a role in the cellular
response to protein misfolding and aggregation (Haapasalo et al. 2010).
Specifically, ubiquilin has been shown to protect against polyglutamine-induced
toxicity in cellular and invertebrate models of Huntington’s disease (Wang et al.
2006; Wang and Monteiro 2007a). Ubiquilin is also involved in aggresome
formation (Heir et al. 2006) and may promote removal of cellular aggregates via
autophagy (N'Diaye et al. 2009a; N'Diaye et al. 2009b). Taken together, our
results and the results from previous studies suggest that ubiquilin plays an

important role in quality control of aggregation-prone cellular proteins.
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The AICD is thought to be natively unstructured in solution and has a very
short half-life following cleavage by the y-secretase, unless it is associated with a
cytoplasmic binding partner (Kroenke et al. 1997; Ramelot et al. 2000; Kimberly
et al. 2001; Edbauer et al. 2002). For example, association of the AICD with
Fe65 promotes nuclear translocation of the complex and subsequent
transcriptional regulation of various genes (Muller et al. 2007; Muller et al. 2008).
Other physiological functions for AICD have also recently been indentified,
including regulation of cytosolic calcium (Leissring et al. 2002; Hamid et al. 2007)
and apoptosis (Ozaki et al. 2006; Nakayama et al. 2008). Quality control of free
AICD may be important for ensuring that it retains the ability to interact with other
binding partners, undergo transport between cellular compartments, and perform
its normal cellular functions. Interestingly, overexpression of AICD and Fe65 in a
transgenic mouse model is sufficient to produce Alzheimer’s-like neuropathology
and cognitive deficits (Ghosal et al. 2009). It is possible that the overexpressed
proteins overwhelm the quality control machinery, leading to aggregation and
loss of function. Further studies are needed to address the mechanism by which
the AICD-Fe65 contributes to the neurodegenerative phenotype and whether
ubiquilin can ameliorate these effects.

The chaperone function of ubiquilin described here may constitute a
critical component of a protein quality control network necessary to prevent
irreversible aggregation and amyloidogenic processing of APP. Our results
underscore the importance of protein-protein interactions within the AICD in the
cellular homeostasis of APP and point towards the maintenance and restoration
of adequate levels of ubiquilin and other cellular quality control molecules as

therapeutic targets to prevent APP-related cognitive decline in late onset AD.
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Table 4.1: Demographic, genotypic, and pathological characteristics of AD
subjects and tissue samples.

Sample | Braak APOE | rs12344615 | rs2780995 | rs2781002 | rs12345514 | Amyloid
1D Stage | Age Sex genotype | (intron 8) (intron 6) (intron 9) | (promoter) Score Notes
1 | 82 M £3/e3 AJA GIT CIT GIG Mild
2 | 86 M £3/e3 AIA T CIT GIG
3 | 80 F £3/e3 A/A GIT CIT GIG Mild
4 ] 78 F £3/e3 AIG T cic GIT
5 | 78 M A/A T TIT GIG
6 | 85 F £3/e3 AIA GIT CIT GIG
7 | 75 M £2/e2 AIA GIG TT GIG Lacunes
8 ] 88 M £2/e3 AIG GIT CIT GIT
9 | 72 F £3/ed AIA GIT TIT GIG
10 | 79 F £3/ed AIA GIT cIT GIG
11 | 80 M £3/e3 AIA GIT TIT GIG
12 | 83 M £3/e3 AIG GIT CcIT GIT
13 | 80 M €3/e4 AIA GIT cT GIG
14 | 82 F £3/e3 AIA GIT CIT GIG Mild
15 ] 75 M £3/e3 AJA GIT CIT GIG
16 I 82 F £3/e3 AIA GIG TIT GIG Infarcts
17 I 72 F €3/e3 AIA GIG TIT GIG
18 I 85 M £3/e3 AIA T TIT GIG Mild
19 I 85 F £3/e3 AIG GIT CIT GIG Mild
20 1l 85 M £3/e3 AIA GIT TIT GIG Severe
21 LI} 80 F edled AIA TT cic GIG
22 1] 80 F £3/ed AIA G/IG TIT GIG Moderate amyloid angiopathy; lacunes
23 11} 79 F £3/ed GIG TT cic T
24 11} 79 M £3/ed AJA T cic GIG Moderate [Mild amyloid angiopathy; lacunes
25 1l 80 F £3/ed AJA GIT CIT GIG Moderate [Severe amyloid angiopathy
26 v 80 F ed/ed AlG GIT CIT GIT Mild Severe amyloid angiopathy
27 v 79 F edled AJA GIT TIT GIG Moderate amyloid angiopathy
28 \ 80 F £3/e3 AIA GIT TIT GIG
29 v 80 M £3/e3 A/A GIG TIT GIG
30 |\ 80 F £3/ed AIA T TIT GIG Mild amyloid angiopathy
3N \'4 80 B e3/ed AIA TT TIT GIG Mild amyloid angiopathy; infarcts
32 \ 80 F £3/e3 AIG TT CIT GIT Mild
33 Vv 80 F edled A/A G/IG TIT GIG Moderate [Moderate amyloid angiopathy
34 Vv 80 F £3/e3 AIG GIT CcIT GIT
35 Vv 80 M ed/ed AIA T cm GIG Mild amyloid angiopathy
36| VI 75 F £3/ed A/A TT ciC GIG Severe
37 Vi 77 F £3/ed AlG TT CT GIT Moderate amyloid angiopathy
38 VI 75 F £3/e3 AIA GIG TIT GIG Mild
39 Vi 75 M £3/ed AIG GIT CcIT GIT Moderate
401 VI 77 M edled AIG TT CIT GIT Mild Mild amyloid angiopathy

Risk allele for rs12344615 is G (Bertram et al., N Engl J Med 2005, 352:884-94)

Risk allele for rs2780995 is G (Bertram et al., N Engl J Med 2005, 352:884-94)

Risk allele for rs2781002 is either C (Bertram et al., N Engl J Med 2005, 352:884-94) or T (Golan et al., Dement Geriatr Cogn Disord 2008, 25:366-71)
Risk allele for rs12345514 is T (Bertram and Tanzi, N Engl J Med 2005, 352:2752-3)
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Figure 4.1: Ubiquilin protein levels are decreased in late-onset AD patient brains.
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(A) Western blot of ubiquilin and a/B-tubulin levels in post-mortem cortical brain
samples (50 ug of total protein per lane) of human patients (ages 72 — 85 years)
arranged by Braak staging, as indicated. All samples were handled under
identical conditions and blots were exposed simultaneously on the same film.
The genotypes of each patient for common ubiquilin-1 and APOE SNPs are
indicated below each lane. H indicates heterozygosity for that SNP. SNPs
highlighted in red indicate risk alleles. The rs2781002 risk allele has been
proposed to be either C (Bertram et al. 2005) or T (Golan et al. 2008) (in italics).
(B) Quantification of ubiquilin protein levels as a function of Braak stage,
displayed as ratios of the intensities of the bands corresponding to ubiquilin over
a/B-tubulin, determined densitometrically for each sample (symbols) and their
means + s.e.m. (bars). p values were determined by t test comparison to Stage I.
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Figure 4.2: A transient and temperature-dependent interaction exists between
ubiquilin and APP.
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(A) Histogram depicting interaction partners of ubiquilin-1 derived from a yeast
two-hybrid screen, displayed as individual genes (italicized) or organized into
functional classes. (B) Metal affinity pull-down of APP from HelLa cells
overexpressing c-myc tagged ubiquilin and/or APP, as indicated. Cells were pre-
treated with Lomant’s reagent prior to lysis. Co-precipitating ubiquilin was
detected with an anti-c-myc antibody. Mock cells were transfected with an empty
vector. (C) Purified ubiquilin binding to APP immunoprecipitated from rat brain at
the indicated temperatures. “No Antibody” lanes received no anti-APP antibody,
and “No Ubiquilin-1” lanes received no ubiquilin-1 supplementation.
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Figure 4.3: Ubiquilin exerts chaperone activity on APP in vitro.
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(A) Inactivation kinetics of CS alone or in mixtures supplemented with purified
Hsp90 or ubiquilin, as indicated, upon exposure to 43°C. (B) Aggregation kinetics
of purified AICD alone or in combination with ubiquilin, upon exposure to 43°C,
monitored by light scattering. (C) Dot-blot analyses with an anti-AICD antibody of
in vitro aggregation mixtures of AICD with ubiquilin or its UBL domain, as
indicated, upon exposure to 37°C. Aliquots were removed at the indicated times
and insoluble material was sedimented by centrifugation. Total and insoluble
fractions were spotted onto a nitrocellulose membrane and probed with an anti-
AICD antibody. (D) AFM images of aliquots of total material from mixtures set up
as in b after 48 h of incubation at 43°C. Aggregates had a diameter of 46 + 24
nm (n=611 particles).
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Figure 4.4: Ubiquilin exerts chaperone activity on APP in vivo.
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(A) Representative images of the three patterns of APPsys and APP-GFP
localization upon overexpression in differentiated PC12 cells observed by

immunofluorescence
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microscopies, respectively. (B)



Quantification of APP-GFP fluorescence patterns in differentiated PC12 cells co-
transfected with APP-GFP and vector (pcDNA), or ubiquilin, as indicated. Total
numbers of scored cells are displayed above each bar and significant p values
are indicated. (C) Quantification of APP-GFP fluorescence patterns in rat primary
cortical neurons, as in (B). (D) Quantification of APP-GFP fluorescence patterns
in differentiated PC12 cells treated with RNAI oligonucleotides targeting ubiquilin-
1 or control RNAI oligonucleotides (left panel) and Western blot confirming
decreased levels of ubiquilin-1, but not ubiquilin-2 (asterisk), protein levels only in
cells treated with ubiquilin-1 RNAI oligonucleotides (right panel). (E) Filter-trap
assay of total lysates from cells as in (B), filtered through cellulose acetate
membranes (0.22 ym) probed with an anti-APP antibody. p values in B-D were
determined by Fisher’s Exact test and are indicated within the bars.
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Figure 4.5: Ubiquilin reduces amyloidogenesis and associated cell death.
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(A) Quantification of AB42/AB4o production in HelLa cells co-transfected with vector
only (pcDNA), APP alone, APP and ubiquilin, or APP and UBL domain, as
indicated. n.s., not significant relative to APP. (B) Quantification of cell death
determined by propidium iodide staining in HelLa cell transfected with the yellow
fluorescent protein (YFP), APP, APP and ubiquilin, or APP and ubiquilin RNAI
oligonucleotides, as indicated.
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Chapter 5: Conclusions

The studies in this dissertation were inspired by fundamental questions
that remain regarding the pathogenic mechanisms of Alzheimer’s disease. First,
is disruption of intracellular calcium homeostasis a common causal factor in all
forms of familial AD? Second, what are the mechanisms of disease pathogenesis
in the most common form of AD, late-onset AD, for which discreet genetic
associations have not been established? To answer these questions, we focused
our investigations on APP for several reasons. First, although a it had previously
been suggested that calcium dysregulation is a common pathogenic feature of
AD (LaFerla 2002), a systematic investigation of the effects of FAD-linked APP
mutants on intracellular calcium homeostasis had not been reported. Second,
recent evidence from genetic studies suggested a link between the UBQLN1
gene and late-onset AD (Bertram et al. 2005; Kamboh et al. 2006), and evidence
from our lab (Fig. 4.2A) and others suggested that the protein product of the
UBQLN1 gene may directly interact with APP and affect its maturation (Hiltunen
et al. 20006).

Although there is still a great deal of debate regarding the chronology of
events in disease pathogenesis and the nature of the offending protein
aggregates, the current body of research overwhelmingly supports a role for APP
and its cleavage products in the pathogenesis of both forms of AD (Querfurth and
LaFerla 2010). Mutations in three different genes have been linked to FAD: the
two PSEN genes, which encode presenilin-1 and presenilin-2, and the gene
encoding APP itself (Tanzi and Bertram 2005). Biochemical, cellular, and animal
studies incorporating FAD-linked mutant proteins have provided the basis for the
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amyloid cascade hypothesis of AD, which postulates that aggregation-prone
proteolytic fragments of APP disrupt neuronal function and lead to cell death and
cognitive decline in affected individuals. An alternate hypothesis, which is not
mutually exclusive with the amyloid cascade hypothesis, is the calcium
dysregulation hypothesis, which suggests that alterations in intracellular calcium
signaling are proximal events in disease pathogenesis and lead to abnormalities
in synaptic transmission and subsequent cell death (LaFerla 2002). Calcium
signaling abnormalities were first associated with FAD when researchers
discovered that cells isolated from patients expressing FAD-linked mutant
presenilin exhibited abnormally elevated agonist-induced calcium responses (lto
et al. 1994). Subsequent analyses have supported the notion that calcium
dyshomeostasis is an early alteration in FAD linked to mutant presenilins and
that it may even be independent of A production (Guo et al. 1996). In particular,
there is a growing body of evidence that mutant presenilin proteins directly
mediate calcium disturbances in AD by modulating calcium release from the ER
(Leissring et al. 1999a; Leissring et al. 1999b). However, conclusive evidence
regarding the effect of FAD-linked APP mutations on intracellular calcium has
been lacking.

We were interested in determining whether the calcium dyshomeostasis
hypothesis could be generalized to all forms of FAD, and thus chose to perform a
systematic analysis of the intracellular calcium dynamics associated with six
different FAD-linked APP mutants (Chapter 2). Notably, we found that none of
the mutations tested had any effect on calcium signaling when overexpressed in
PC12 cells, suggesting that perturbations in intracellular calcium associated with

APP mutants are most likely mediated by AB or other cleavage products and not
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the APP holoprotein. Since our calcium imaging experiments were performed 24
hours following transient transfection, it is possible that AB had not been
produced at levels sufficient to disrupt calcium signaling. Our results promote the
hypothesis that the presenilin proteins have a physiological role in the
maintenance of calcium homeostasis that is independent of their role in APP
processing. The mechanism by which mutant presenilins lead to calcium
dysregulation is still unclear. It may reflect a loss-of-function phenotype as has
been suggested by Bezprozvanny and colleagues, who have evidence to
suggest that wild-type presenilin proteins form calcium leak channels in the ER
membrane (Tu et al. 2006). Alternatively, it may reflect a gain-of-function
phenotype due to mutant presenilins interacting with and altering the gating
properties of IP3Rs, as has been suggested by Foskett and colleagues (Cheung
et al. 2008). The mutant presenilin phenotypes may also be a consequence of
altered function of the y-secretase, which is required for the cleavage of several
cellular targets and may have additional, as yet undefined, substrates. A major
conclusion that can be drawn from our data is that calcium dysregulation in
models of AD that are not a result of presenilin mutations is a relatively late event
in disease pathogenesis. Thus, treatment modalities aimed at maintaining
intracellular calcium homeostasis would be ineffective in modifying disease
progression, which may explain why the NMDA receptor antagonist memantine is
only marginally effective in treating AD (van Marum 2009).

A fundamental question regarding the pathogenesis of AD is whether or
not the mechanisms underlying FAD apply to the more common late-onset form
of the disease. Discrete mutations in the PSEN and APP genes lead to early-

onset FAD, and the assumption is that the results of these mutations — increased
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AB production and/or aggregation and deposition — are the same events that
initiate late-onset AD. However, this has not been validated. To complicate
matters, the only gene that has been consistently linked to late-onset AD, APOE,
contributes to disease risk by an as yet undetermined mechanism (Kim et al.
2009a). The need to define the molecular mechanisms of late-onset AD has led
researchers to genome-wide association studies, which use an unbiased
approach to identify new genes that may be associated with complex disorders
like AD. Unfortunately, none of the linkages that have been discovered in
genome-wide association studies have been validated using other approaches or
even consistently replicated between genome scans (Bertram et al. 2007).
However, this is not unexpected if one considers the matrix model of AD
pathogenesis proposed by Hunter and colleagues (Hunter et al. 2010), which
postulates that AD is a syndrome that results from the convergence of multiple
pathways with distinct initiating factors that may differ between patients. Although
a genetic association may not achieve statistical significance in all populations
tested, it may still represent a viable candidate for further study into the
mechanisms underlying AD. We propose that the results of our biochemical and
cellular studies with ubiquilin, the protein product of the UBQLN1T gene, elucidate
molecular mechanisms that are relevant to the pathogenesis of late-onset AD in
general, despite an ambiguous genetic association.

In Chapter 3, we provide evidence that ubiquilin is able to regulate the
ubiquitination, trafficking, and degradation of APP. Specifically, we show that
ubiquilin sequesters APP in early secretory compartments and consequently
prevents or delays contact with the enzymes responsible for amyloidogenic

processing (Figs. 3.1-3.4). Secondly, we show that ubiquilin inhibits the
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proteasomal degradation of APP and increases the ubiquitination of APP (Fig.
3.5). We propose that the effects on APP trafficking are related to the effects of
ubiquilin on the ubiquitination of APP and are mediated, at least in part, by a
UBA-ubiquitin interaction. We hypothesize that the observed increase in
ubiquitination corresponds to an increase in monoubiquitination or Lys63-linked
polyubiquitination, which each have been shown to modulate protein sorting
(Hicke and Dunn 2003), rather than Lys?- or Lys*-linked polyubiquitination,
which serve as degradation signals. These hypotheses can be tested by co-
expressing ubiquitin with mutations in Lys*®, Lys®®, or both and determining what
effect each has on the ability of ubiquilin to alter trafficking and enhance
ubiquitination. Also, linkage-specific antibodies can be used to distinguish
between Lys*®- and Lys®*-linked chains. It is possible that ubiquilin inhibits exit
from the Golgi apparatus by competing with cargo adaptors, which also bind to
Lys®*-linked polyubiquitin chains and couple cargo to vesicular transport
machinery (Lauwers et al. 2009).

The inhibition of proteasomal degradation may also be mediated by a
ubiquitin-UBA interaction. As has been shown for Rad23, UBL-UBA proteins can
“cap” monoubiquitin or short polyubiquitin chains and prevent further elongation
or deubiquitination, which may in turn inhibit degradation by the proteasome
(Ortolan et al. 2000; Hwang et al. 2005). This may also explain the increased
accumulation of ubiquitinated APP in cells overexpressing ubiquilin. Additional
experiments with a ubiquilin construct lacking the UBA domain — or containing
mutations in critical ubiquitin-binding residues — are needed to determine if UBA
interactions are required for the trafficking and stabilization effects observed in

our studies.
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An alternative explanation is that ubiquilin actively recruits E2/E3 ligases
to APP or stimulates their activity, leading to increased ubiquitination. E3 ligases
have been shown to be associated with ubiquilin and its homologues (Hara et al.
2005; Kim et al. 2008b). Using whole-genome Affymetrix analysis followed by
quantitative PCR, we have found that knockdown of ubiquilin results in significant
downregulation of many zinc/RING finger E3 proteins, including cyclin B1-
interacting protein 1, ring finger protein 34, and polycomb group ring finger 5.
This suggests that ubiquilin may functionally interact with a large family of E3
ligases, and provides an avenue for future investigation.

In Chapter 4, we provide evidence for the chaperone function of ubiquilin.
Specifically, ubiquilin is able to prevent the aggregation of APP via an association
with the AICD (Figs. 4.2, 4.3, and 4.4). Furthermore, ubiquilin inhibits
amyloidogenesis and associated toxicity in cells overexpressing APP (Fig. 4.5),
which may be, in fact, associated with the trafficking and sorting effects of
ubiquilin presented in Chapter 3. We also show that ubiquilin protein levels are
reduced in the brain tissue of patients with neurofibrillary tangle pathology (Fig.
4.1), suggesting that decreased quality control of APP by ubiquilin may be an
important mechanism for the pathogenesis of late-onset AD. We show that
ubiquilin is able to prevent the aggregation of purified AICD in vitro (Fig. 4.3B-D),
indicating that the interaction between the two proteins involves the AICD, which
is expected since ubiquilin is a cytosolic protein. However, the results of our
studies do not establish the nature of the aggregates observed in cells
overexpressing full-length APP (Fig. 4.4). We do not expect the aggregates
involving the AICD to be highly ordered fibrillar structures like those involving ApB.

Instead, as the results of our AFM experiments reveal, the AICD aggregates are
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relatively amorphous (Fig. 4.3D). Furthermore, the results of our light scattering
experiments (Fig. 4.3B) indicate that the kinetics of AICD aggregation are on the
order of days, which is relatively slow compared to AB42 and highly fibrillogenic
ABa4o variants, which have been shown to aggregate in vitro within minutes (Jan
et al. 2010). Instead, we hypothesize that the aggregation of AICD is based on its
intrinsically unstructured nature, which allows for inappropriate or unproductive
intra- and intermolecular contacts unless it is stabilized by a transient binding
partner. While our data indicate that ubiquilin is able to perform this function, it is
possible that other binding partners are able to stabilize the AICD in a similar
fashion. One such candidate protein is C-terminus Hsp70-interacting protein
(CHIP), a co-chaperone molecule that has been shown to interact with APP
(Kumar et al. 2007). Cytosolic heat shock proteins, which have been shown to
prevent the aggregation of AR (Koren et al. 2009), may also be able to stabilize
the AICD. Based on APP immunofluorescence experiments using an antibody
directed against the AB sequence (Fig. 4.4A, bottom panels), we can conclude
that a significant proportion of the aggregates contain the AP peptide. We
hypothesize that the interaction of ubiquilin with the AICD prevents the
aggregation of full-length APP and AB-containing membrane-tethered C-terminal
fragments. We further propose that the aggregation of full-length APP and its C-
terminal fragments is a novel mechanism for the pathogenesis of late-onset AD
and that the protective effect of ubiquilin is partly related to its ability to prevent
this aggregation.

Intracellular APP aggregates may contribute to synaptic dysfunction and
cell death by a number of mechanisms. Aggregation of secretory proteins is

known to initiate the ER stress response, which can result in apoptosis if the
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repair responses are insufficient to restore normal cellular function (Kim et al.
2008a). Also, aggregates may sequester other proteins or components of the
degradation machinery and prevent their normal physiological function. Another
possibility is that aggregation of APP inhibits its normal physiological function,
which may be related to vesicle trafficking or transcriptional regulation (De
Strooper and Annaert 2000; Gralle and Ferreira 2007; Muller et al. 2008), both of
which are critical for the changes in synaptic plasticity that are thought to underlie
learning and memory (Kandel 2001). Unfolded or misfolded APP may also impair
cellular function by participating in inappropriate hydrophobic interactions with
other proteins or even cell membrane lipids (Stefani and Dobson 2003). Each of
these effects can render cells vulnerable to subsequent insults, which may
include alterations in intracellular calcium or AB-mediated toxicity. Furthermore,
small intracellular APP aggregates may serve as “seeds” that promote further
APP aggregation, contributing to a feed-forward mechanism of cellular
dysfunction.

Our data supports the notion that ubiquilin offers protection against cellular
dysfunction and death at multiple levels, including APP biosynthesis, folding and
maintenance of proper structure, trafficking, degradation, and amyloidogenic
processing. Our hypothesis of ubiquilin function is summarized in Fig. 5.1, which
emphasizes a decrease in ubiquilin protein level or function in the pathogenesis

of late-onset AD.
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Figure 5.1: Working model of late-onset AD pathogenesis.
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In non-affected individuals (left panel), ubiquilin interacts with immature APP
(immAPP) along the secretory pathway and inhibits the transition of mature APP
(mAPP) to vesicular and membrane compartments where amyloidogenic
processing occurs. This interaction also prevents the formation of off-pathway
folding intermediates by shielding hydrophobic surfaces within the AICD. In
patients with late-onset AD, reduced ubiquilin protein level or function leads to
accelerated maturation and amyloidogenic processing of APP, as well as
increased off-pathway aggregation, which renders neurons particularly
vulnerable to subsequent insults. Broken lines indicate inhibited pathways.

The role of ubiquilin in the regulation of APP folding, trafficking, and
proteolysis may represent a universal mechanism for cytoprotection in the
nervous system. Furthermore, decreased ubiquilin levels or function may be
associated with other neurodegenerative disease, many of which also involve the
misfolding and aggregation of cellular proteins. The results presented here have

important implications for the treatment of AD and related disorders, and point to
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the restoration of chaperone function and other elements of the protein quality
control machinery as potential therapeutic targets. Combination therapies that
target various aspects of APP quality control are likely to beneficial in the
treatment of AD and may be superior to existing therapies, which are unable to
prevent the progression of the disease. Furthermore, our results favor a view that
recognizes late-onset AD and early-onset familial AD as two separate and
distinct pathological processes. Whereas AB accumulation and aggregation may
be the fundamental mechanisms of early-onset inherited AD, AR may only be a
partial contributor in the pathogenesis of late-onset AD, which is most likely
initiated before substantial amounts of AR have accumulated. Thus, research into
the mechanisms of late-onset AD should focus on these earlier aspects of the
disease process, and researchers should recognize that therapies targeted at Ap

or the secretase enzymes may not be clinically efficacious in late-onset AD.
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