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Abstract

Alzheimer’s disease (AD) is the most common form of neurodegenerative diseases.

Its neuropathology is characterized by extracellular amyloid plaque deposition,
intracellular neuritic fibrillary tangles and neuronal loss. The extracellular amyloid
plaque consists of amyloid B (AB) protein, which is derived from - and y- cleavage of
amyloid precursor protein (APP). The abnormal accumulation of AP initiates neuronal
dysfunction and plays an important role in AD pathogenesis.

Ubiquitin carboxyl-terminal hydrolase L1 (UCHL1) is a de-ubiquitinating enzyme
that cleaves ubiquitin at its carboxyl terminal. Dysfunction of UCHL1 has been
implicated in various neurodegenerative diseases including childhood-onset
progressive neurodegeneration, Alzheimer’s disease and Parkinson’s disease. UCHLI
protein level is reduced in AD and is inversely proportional to the number of
neurofibrillary tangles in AD brains.Overexpression of UCHLI could rescue learning
and memory deficits in AD mouse model. However, whether UCHL1 affects APP
processing, AP production or AD pathogenesis remains unknown.

This thesis entails a thorough examination of the role of UCHL1 in AD pathogenesis.
First, UCHLI gene transcriptional regulation was investigated. We identified a
functional NF-«xB binding site within its 5’promoter region. We found that NF-xB
signaling down-regulated UCHLI transcription. Next we demonstrated that UCHL1
affected APP processing and AP production by facilitating the degradation of APP,
the precursor of AP, and BACE], the B-secretase in vivo. The results were verified by
transgene expression and pharmacological inhibition of UCHL1 in multiple cell lines.
Moreover, we showed in neuroblastoma cell lines and primary neuronal culture that
UCHLI protected against oxidative stress- and Ap-induced neuronal apoptosis by
interfering with the caspase 8/caspase 3 pathway. Finally, we demonstrated that
UCHLI1 reduced AP production, inhibited amyloid plaque formation and rescued
memory deficits in AD mouse models.

In summary, this study investigated the effect of UCHL1 on AD pathogenesis. It
demonstrated for the first time that UCHLI delays the development of AD pathology
by regulating APP processing and reducing AP production. Furthermore, our findings
indicated that transgene expression of UCHLI is a disease-modifying strategy for AD
therapeutic design.
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Preface

After completing a Bachelor’s of Science degree, I joined Dr. Weihong Song’s
research team to study the molecular mechanism that underlies Alzheimer’s disease
(AD) pathogenesis. Dr. Song introduced me to a project that focused on the
transcriptional regulation of ubiquitin carboxyl-terminal hydrolase L1 (UCHLT1), a de-
ubiquitinating enzyme whose dysfunction is associated with neurodegenerative
diseases. Chapter 2 is based on the findings from this project. I collaborated with Dr.
Ruitao Wang, a PhD student in the laboratory, on this part of work. Dr. Wang and I
cloned a series of deletion plasmids of the 5 flanking region of the human UCHL1
gene. We performed the luciferase assay to measure the promoter activity. Dr. Wang
performed the gel shifting assay to show the functional binding of NF-xB to UCHL1
promoter region. Dr. Wang also used semi-quantitative PCR and western blotting to
demonstrate the down-regulation of UCHL1 by NF-«B. I confirmed the decreased
UCHLI protein level by NF-kB using western blot analysis. The RelA-KO cell line
used in chapter 2 was generated by Gilmore laboratory (Gapuzan et al., 2005).

As a collaborator of the project, I am a co-first author on a paper published in Journal
of Neurochemistry in March 2011 (Wang, R., Zhang, M., Zhou, W., Ly, P.T., Cai, F.
& Song, W. (2011) NF-kB signaling inhibits ubiquitin carboxyl-terminal hydrolase L1
gene expression. Journal of Neurochemistry, 116, 1160-1170). The journal granted

permission for the author to include the published materials in this thesis.
In chapter 3, we investigated the effect of UCHL1 on the protein degradation of

amyloid precursor protein (APP) and beta-site APP cleaving enzyme 1 (BACE1), two

proteins that are critical to amyloid B protein (AB) production. I designed and carried
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out the majority of the experiments. Ms. Yu Deng and Dr. Yawen Luo helped confirm
using cycloheximide that UCHLI1 accelerates BACE1 degradation. Heterozygous gad
mice were originally generated by Dr. Keiji Wada’s laboratory at the National
Institute of Neuroscience of Japan (Yamazaki ef al., 1988). All animal studies were
approved by the University of British Columbia Animal Care Committee (protocol
number: A11-0025). Procedures for obtaining embryonic mouse primary neurons
were approved by the University of British Columbia Animal Care Committee

(protocol number: A09-0274).

Part of the discovery from chapter 3 has been published in Journal of Neurochemistry
in March 2012 (Zhang, M., Deng, Y., Luo, Y., Zhang, S., Zou, H., Cai, F., Wada, K.
& Song, W. (2012) Control of BACE1 degradation and APP processing by ubiquitin
carboxyl-terminal hydrolase L1. Journal of Neurochemistry, 120, 1129-1138). I am

the first author of the paper. I wrote the manuscript and revised it with the help of my
supervisor Dr. Weihong Song. The journal granted permission for the author to

include the published materials in this thesis.

In chapter 4, we showed the effect of UCHL1 on APP processing and learning and
memory in AD mouse models. I designed and conducted most of the experiments. Dr.
Shuting Zhang, Dr. Fang Cai and Ms. Fiona Zhang helped me with some of the
behavioral experiments. Dr. Shuting Zhang helped me confirm the effect of UCHL1
on CTFp production in gad mice. Haiyan Zou assisted me with the genotyping of
APP23 and gad mice. Stereotaxic intracranial surgery procedures on adult mice were
approved by the University of British Columbia Animal Care Committee (protocol

number: A11-0025).
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Chapter 1

General introduction

1.1 Dementia and Alzheimer’s disease

Dementia is a syndrome of serious global cognitive debilitation due to disease of the
brain. It affects memory, thinking, behavior and the ability to perform everyday
activities (ADI, 2010). Dementia is classified into many subtypes according to the
pathophysiology of the disease. Some of the most common types are Alzheimer’s
disease (AD), vascular dementia, dementia with Lewy bodies and frontotemporal

dementia.

AD is the most common form among all types of dementia. Approximately one of 10
individuals over the age of 65 years and nearly one-half of the people over 85 years
are affected with AD (Thies & Bleiler, 2011) . The disease is usually diagnosed in
people over 65 years of age (Brookmeyer et al., 1998), after which the risk of
acquiring the disease doubles every five years (Di Carlo ef al., 2002; Bermejo-Pareja
et al., 2008). Early-onset Alzheimer’s disease may occur much earlier, often with

genetic mutations and in most cases is inherited in an autosomal dominant manner.

Socioeconomic burden of Alzheimer’s disease. Alzheimer’s disease has become a
public health priority due to its global prevalence. Currently, more than 35 million
people worldwide are suffering from dementia, among which two-thirds are AD cases.
This number is expected to be doubled in 2020 and more than tripled in 2050 (ADI,
2013). The annual societal costs of AD worldwide in 2010 were US$604 billion, or 1%
of the aggregated worldwide Gross Domestic Product (GDP). In addition to the
financial burden, the disease has imposed heavy social and psychological burden on

patients as well as their families (ADI, 2010).
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Clinical presentation of Alzheimer’s disease. Clinical presentation of AD can be
divided into four stages: the pre-dementia stage, mild stage, moderate stage and severe
stage. Symptoms at the pre-dementia stage include mild impairment in acquiring new
information and minor short-term memory loss, which may be mistakenly attributed
to normal aging. The pre-clinical stage has also been termed “mild cognitive
impairment” (MCI)(Arnaiz & Almkvist, 2003). MCI does not necessarily develop into
AD. Currently no diagnostic method can distinguish with certainty between incipient
AD and non-progressive memory impairment. At mild dementia stage, increasing
impairment in learning and memory is the most outstanding clinical feature. The
patient’s reduced ability to plan, judge, and organize may show in relatively difficult
household chores. At moderate stage of AD, logical reasoning, planning, and
organizing significantly deteriorate. Speaking, reading and writing skills are
progressively lost. At severe stage of AD, almost all cognitive functions are
significantly impaired. Language is reduced to simple phrases. Patients need
assistance with every simple task in their lives. Psychological symptoms include
aggression, apathy and exhaustion. Life expectancy is reduced in AD patients. At the
terminal stage, patients most often die of pneumonia, myocardial infarction and

septicaemia, but not AD itself (Forstl & Kurz, 1999; Health et al., 2002).

Pathophysiological features of Alzheimer’s disease. The main pathological
hallmarks in AD brains are extracellular neuritic plaques, intracellular neurofibrillary
tangles and neuronal loss. Extracellular neuritic plaques are mainly composed of
dense and insoluble deposits of amyloid B protein (AB) surrounded by dystrophic
neurites. Intracellular neurofibrillary tangles (NFTs) are aggregates of
hyperphosphorylated microtubule-associated tau proteins. It should be noted that
dense-cored A plaque deposition is unique to AD cases whereas NFT is also detected
in other forms of dementia and neurodegenerative diseases, including frontotemporal
dementia with parkinsonism on chromosome 17 (FTDP-17), Pick’s disease and

progressive supranuclear palsy.
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Neuronal loss is a prominent characteristic of AD. Interestingly, certain brain regions
are more vulnerable to AD than other regions. Neuronal loss starts in the entorhinal
cortex at very mild stage of AD, extends to hippocampus as the disease progresses,
and is ultimately widespread in some areas of the neocortex (Van Hoesen et al., 1991;
Gomez-Isla et al., 1996; Health et al., 2002). Gross manifestation of the neuronal loss
is the atrophy of the temporal and parietal lobes and restricted regions within the
frontal cortex and cingulate gyrus (Wenk, 2003). While the temporal and spatial
development of neuronal loss may provide a clue to the etiology of AD, no conclusion

has been reached so far.

Genetic factors in Alzheimer’s disease. While most AD cases are diagnosed in
people over 65 years of age and are sporadic, approximately 3-5% are early-onset
familial AD (FAD). FAD patients develop symptoms from as early as 40 years old
(Campion ef al., 1999). The majority of early-onset FAD cases are caused by
mutations in one of the three genes: f-amyloid precursor protein (APP), Presenilin 1
(PSENT1) and Presenilin 2 (PSEN2). To date, more than 30 pathogenic APP point
mutations, more than 180 PSEN1 mutations and 14 PSEN2 mutations have been

identified (http://www.molgen.ua.ac.be/ADMutations/). Most mutations increase AP

production or alter the ratio of AB4, over APso (two AP proteins of different lengths),
which suggest a central role of Ap in AD pathogenesis. In sporadic AD (SAD),
environmental and genetic differences may act as risk factors. The strongest genetic
risk factor for SAD is apolipoprotein E (ApoE) genotype, with the €4 allele being an
AD risk factor and the €2 being protective compared to the most common €3 allele

(Corder et al., 1993; Corder et al., 1994).
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1.2 APP processing pathway

The modern era of Alzheimer’s research is marked by the milestone discovery of AP
from B-sheet fibrils in cerebrovascular amyloidosis associated with AD (Glenner &
Wong, 1984b) and from the amyloid plaque core in AD and aged individuals with
Down syndrome (Glenner & Wong, 1984a; Masters et al., 1985). The cDNA
screening led to the discovery of its precursor, the amyloid 3 precursor protein (APP)
(Goldgaber et al., 1987; Kang et al., 1987; Robakis et al., 1987; Tanzi et al., 1987).

Since then, APP processing pathway has been well characterized.

APP is a type I transmembrane protein encoded by a single gene on chromosome 21.
Multiple isoforms are produced through alternative splicing. Three major isoforms are:
APP695 (Kang et al., 1987), APP751 (Ponte et al., 1988; Tanzi et al., 1988) and
APP770 (Kitaguchi et al., 1988), with APP695 being the major isoform in neuronal
cells (Kang et al., 1987).

APP undergoes sequential proteolytic cleavages on its extracellular domain and
transmembrane domain to produce multiple fragments (Figure 1.1). Under
physiological conditions, the majority of APP processing is by a-cleavage, which is
within the A domain at Leu-17 and produces C-terminal fragement o (CTFa)) C83.
a-cleavage precludes AP production. Alternatively, APP is processed by B-cleavage at
Asp-1 site to produce CTFB C99, or at Glu-11 site to produce CTF3 C89. A small
portion of APP may undergo 0-cleavage at Phe-20 site by BACE2, the 0-secretase, to
yield CTF0 C80. y-secretase subsequently cleaves CTFa (C83), CTFp (C89 and C99)
and CTF6 (C80). Only the cleavage of C99 yields the amyloidogenic and pathogenic
AB. C83, C89 and C80 are cleaved to generate the non-pathogenic fragments p3,
truncated AP (tAB), and p36, respectively.
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Figure 1.1 APP processing pathways

APP is first cleaved by a- or B-secretase followed by y-secretase complex. Under physiological
conditions, the predominant APP processing is by a-cleavage within the A domain at Leu-17 to
produce sAPPa and membrane-bound CTFa C83. C83 is further cleaved by y-secretase, producing
extracellular fragment P3 and intracellular AICD C57/59 (middle blue arrow). Alternatively, APP
is processed by B-cleavage (red arrow and left blue arrow). APP is cleaved at Asp-1 site to
produce CTFEB C99 and sAPPp, or at Glu-11 site to produce CTFB C89 and sAPPp. C99 is
subsequently cleaved by y-secretase to yield the amyloidogenic AP and intracellular AICD C57/59
(red arrow). C89 is cleaved by y-secretase to yield the non-amyloidogenic truncated AB (tAp) and
C57/59 (left blue arrow). B-secretase preferentially cleaves wildtype APP at Glu-11 site over Asp-
1 site, whereas it cleaves APP Swedish mutant mainly at Asp-1 site. A small portion of APP may
undergo 0-cleavage at Phe-20 site by BACE2 (right blue arrow). CTF0 C80 is subsequently
cleaved by y-secretase to produce P36 and C57/59.

1.2.1 a-secretase and the non-amyloidogenic a-cleavage of APP

Under normal conditions, the major APP proteolytic process prevents further Af3
generation. APP is cleaved by a-secretase between Lys-16 and Leu-17 within the A
domain to produce sAPPa and CTFa C83 (Esch et al., 1990; Sisodia ef al., 1990).
C83 is subsequently processed by y-secretase to yield p3 and AICD C57/59 (Haass &
Selkoe, 1993) (Figure 1.1). The a-secretase-mediated APP cleavage is non-
amyloidogenic. Moreover, studies have shown that sAPPa bears important

physiological functions such as maintaining synaptic integrity (see Section 1.3.3).
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A few metalloproteases have been proposed to be the a-secretase, including several
members of the “A disintegrin and metalloprotease” (ADAM) family: ADAMO,
ADAMI10 and ADAM17. Studies have provided strong support for the hypotheses:
overexpression of ADAMO9 has been shown to enhance a-cleavage (Koike et al.,
1999); overexpression of wildtype or dominant-negative form of ADAMI10 increased
or inhibited a-cleavage, respectively (Lammich et al., 1999); ADAM inhibitor
reduced sAPPa secretion in wildtype but not in ADAM17-knockout embryonic
fibroblasts (Buxbaum et al., 1998). The incomplete inhibition of SAPPa secretion by
any one of the ADAMs suggested that more than one protease is responsible for the a-
cleavage in vivo. On the other hand, the different phenotypes of ADAM9, ADAM10
and ADAM17 knockout mice indicated non-overlapping functions of those proteases
(Black et al., 1997; Hartmann et al., 2002; Guaiquil et al., 2009).

1.2.2 BACEI1 and B-cleavage of APP

While the majority of full-length APP undergoes a-cleavage within the A region, a
minority of APP is cleaved by -secretase. Beta-site APP cleaving enzyme 1 (BACEI)
is the B-secretase in vivo (Hussain et al., 1999; Sinha et al., 1999; Vassar et al., 1999;
Yan et al., 1999). BACEI cleaves APP at two B-sites: at Asp-1 site to produce CTFf3
C99, which is subsequently cleaved by y-secretase to yield the pathogenic AP, and at
Glu-11 site to produce CTFB C89, the precursor of the non-pathogenic truncated A
(Figure 1.1). Notably, AD-associated APP mutations have different preferential 3-
cleavage sites compared to wild type APP (APPwr). Studies by our lab showed that
BACEI mainly cleaves APPwr at Glu-11 and produces non-pathogenic C89. By
contrast, in APPgwg, an APP mutation identified in a Swedish family with early-onset
FAD, the preferential B-cleavage site shifts to Asp-1 site, resulting in more C99 and a
much higher C99/C89 ratio compared to APPwr (Deng et al., 2013). The observation
implicated a critical role of BACE1 and preferential B-cleavage site in AD

pathogenesis.
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BACE]1 as the major B-secretase in vivo. In 1999, several groups independently
identified BACEI as the B-secretase (Hussain et al., 1999; Sinha et al., 1999; Vassar
etal., 1999; Yan et al., 1999) using different strategies. They validated the B-cleavage
activity of BACEI in vitro by its overexpression and antisense oligonucleotide
inhibition. The expression pattern and localization of BACE1 were also confirmed by
Northern analysis and in situ hybridization as previously predicted. BACE1 was
further confirmed as the major -secretase in vivo using BACE1-deficient embryonic
cortical neurons (Cai et al., 2001) and BACE1-knockout mice (Luo ef al., 2001;
Roberds et al., 2001). Consistently, crossing of BACE1-knockout mice and APPswg
(Tg2576) transgenic mice resulted in dramatic reduction of Ap and improved memory

deficits (Ohno et al., 2004).

BACE2, a homolog of BACEL, is not a B-secretase, but a 0-secretase. Shortly after
the discovery of BACE1, a homologous novel aspartic protease, BACE2, was
identified (Saunders et al., 1999; Acquati et al., 2000). BACE2 shares 52% amino
acid sequence identity and 68% similarity with BACE1, and contains two aspartyl
protease active sites at virtually identical positions to the two active sites in BACE].
Moreover, it resides in the obligate Down Syndrome (DS) region of chromosome 21
(Saunders et al., 1999). Given all these features, BACE2 was at that time thought to
be critical in the inevitable early-onset FAD syndrome in DS patients. Subsequent
studies showed, however, that BACE2 cleaved APP at Phe-19 and Phe-20 sites much
more efficiently than at Asp-1 site (Farzan et al., 2000). Our lab further demonstrated
that BACE2 mainly cleaved APP between Phe-19 and Phe-20, a novel 0-site that is
downstream of a-site (Figure 1.1). Lentiviral infection of BACE2 to the primary
neurons from APP transgenic mice markedly reduced AP production (Sun ef al.,
2006b). Therefore, BACE2 is not a -secretase in vivo, leaving BACE1 the only -

secretase identified so far.
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1.2.3  Presenilins and the y-secretase complex

C-terminal fragments (CTFs) of APP produced by a-, -, or 6-cleavage are
subsequently processed by y-secretase (Figure 1.1). Specifically, y-secretase cleaves
C99 at the transmembrane Val-40 and Ala-42 sites to produce the amyloidogenic A4
and Ap4,. Notably, pathogenic mutations in APP, PS1 and PS2 genes from early-onset
FAD result in either an increase in total AP level or a shift of y-cleavage from Val-40

to Ala-42 (http://www.molgen.ua.ac.be/ADMutations/), which indicates the

importance of both quantitative and qualitative changes of AP production. In addition
to AP fragments, y-cleavage also produces the intracellular AICD C57/59, which

plays an important role in nuclear signaling (see Section 1.3.3).

PS1/PS2 as the catalytic core of y-secretase complex. Presenilins were first linked
to AD when mutations in presenilin 1 (PS1) and presenilin 2 (PS2) were identified
from early-onset FAD patients (Group, 1995; Levy-Lahad ef al., 1995; Rogaev et al.,
1995; Sherrington et al., 1995). De Strooper et al. defined PS1 as an important
component of y-secretase in vivo by showing that knockout of PS1 in primary neurons
caused the accumulation of CTFs and a five-fold decrease of AP production (De
Strooper et al., 1998). One year later De Stooper ef al. and Song et al. independently
discovered that PS1 is essential for the y-cleavage of Notch, further confirming its
critical role as a y-secretase (De Strooper et al., 1999; Song et al., 1999). Moreover,
PS1 and PS2 were shown to be absolutely required for APP and Notch cleavage, as
the production of AP and Notch intracellular domain (NICD) was completely
abolished in PS1/2 double-knockout cells (Zhang et al., 2000).

PS1 is a multi-transmembrane protein with nine-transmembrane (TM) topology
(Thinakaran et al., 1996; Spasic et al., 2006). It is an aspartyl protease, and mutation
of either of two conserved transmembrane aspartate residues in PS1, Asp 257 and Asp
385, substantially reduced AP production (Tong et al., 2005). Moreover, the y-
secretase activities of PS1 and PS2 require the cleavage of the 9-TMD holoprotein
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into the amino-terminal fragment (NTF) and the carboxyl-terminal fragment (CTF)
during maturation (Thinakaran ef al., 1996). The endoproteolysis is considered

autocatalytic (Zhang et al., 2000; Tong et al., 2005)

PS1/PS2, nicastrin, aph-1 and pen-2 as the components of y-secretase complex.
While PS1/PS2 was acknowledged as the catalytic core, other proteins were predicted
in the y-secretase complex, because (1) PS1/PS2 levels were regulated by other
limiting cellular factors (Thinakaran et al., 1997), and (2) PS1 was co-eluted with a
complex of high molecular weight (Li ef al., 2000). Nicastrin was the first molecule
co-immuno-extracted with PS1. Knockdown of nicastrin in C. elegan resulted in
phenotypes similar in sel-12 and hop-1 (presenilins orthologue in C. elegan)-null
worms, which indicated an important role of nicastrin in y-cleavage (Yu et al., 2000) .
Further genetic screening in C. elegan revealed another two components of y-
secretase complex: aph-1 and pen-2 (Francis ef al., 2002; Goutte et al., 2002). Co-
expression of PS1, nicastrin, aph-1 and pen-2 was sufficient to increase y-cleavage in
mammalian cells (Kimberly et al., 2003) and to reconstitute y-secretase activity in
yeast, a model organism that lacks endogenous y-secretase (Edbauer et al., 2003).
Subsequent studies on individual components of the complex indicated that aph-1
stabilizes the presenilin holoprotein, whereas pen-2 is necessary for the

endoproteolysis of presenilin (Takasugi ef al., 2003).

Other substrates of y-secretase complex. In addition to APP, y-secretase complex
has more than 80 substrates, including Notch, neuregulin, ErbB4, E-cadherins and N-
cadherins, and growth hormone receptor (Song ef al., 1999; Zhang et al., 2000; Ni et
al., 2001; Kim et al., 2002; Marambaud ef al., 2002; May et al., 2002; Haapasalo &
Kovacs, 2011). Among them, the y-cleavage in Notch signaling is of particular
importance, because NICD cleaved by y-secretase is essential for the transcriptional

activation of genes that regulate cell proliferation and differentiation, which is critical
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to both development and in adult life (Maillard et al., 2003; Maillard & Pear, 2003;
Stanger et al., 2005). The deficiency of PS1 led to Notch-knockout phenotype in mice,
who died shortly after birth (Shen et al., 1997; Wong et al., 1997). Therefore, AD
drug development that targets y-secretase must work on substrate specificity to avoid

mechanism-based side effects.

1.3 APP: its trafficking, degradation and functions

1.3.1 The intracellular trafficking of APP

APP is a type I transmembrane protein that undergoes classical secretory pathway. It
is synthesized on the endoplasmic reticulum (ER), is N-glycosylated in the ER and is
O-glycosylated in the Golgi apparatus before reaching the plasma membrane. It is
then rapidly internalized to the endosome, after which the majority is sorted to
lysosome for degradation while a small fraction is sent back to the trans-Golgi
network (TGN). Part of the protein is directly sorted to endosome without reaching
the plasma membrane (Figure 1.2) (Koo ef al., 1996; Small & Gandy, 2006). APP is
continuously being cleaved by a-, B- or y-secretase throughout the secretory pathway.
Converging evidence has shown that the majority of a-cleavage is processed on the
plasma membrane, while B-cleavage favors an acidic environment such as the late
endosome (reviewed in (Small & Gandy, 2006)). Therefore, the trafficking and
localization of APP affect the preferential cleavage between a-site and B-site, hence

affecting CTFP and subsequent AP production.

The trafficking of APP is mainly regulated by its conservative C-terminal YENPTY
motif. Specifically the YENP sequence regulates APP internalization from plasma
membrane. Its mutants (YENP to AEAA or AENA) significantly impaired APP
internalization and reduced AP production (Perez et al., 1999). A few adaptor proteins
have been identified to interact with the YENPTY motif. Fe65, a neuronal adaptor
protein, bound to the YENPTY motif and regulated APP trafficking and metabolism

10
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(Borg et al., 1996). Overexpression of Fe65 accumulated APP at the plasma
membrane and enhanced sAPPa secretion (Sabo et al., 1999), although its effect on
AP production remained inconclusive (Sabo ef al., 1999; Ando et al., 2001). X11/mint,
another neuronal adaptor protein, interacted with YENPTY motif, stabilized full-
length APP and inhibited AP production both in vitro (Borg et al., 1998; Sastre et al.,
1998) and in vivo (Lee et al., 2003; Lee et al., 2004). JIP1b, a scaffolding protein
involved in JNK pathway, also interacted with the YENPTY motif of APP.
Overexpression of JIP1b stabilized immature form of APP, suppressed sAPP secretion
and AP production (Taru et al., 2002). To summarize, signals that stabilizes full-
length APP or prolongs the stay of APP at plasma membrane reduce p-site cleavage

and subsequent AP production.

Extracellular ,

Intracellular \

-é_) Endosome
\

Figure 1.2 Intracellular trafficking of APP and BACE1

Both APP and BACE1 (red bar) are type-I transmembrane proteins that are sorted through
multiple membranous compartments of the cell. The sorting triangle that interconnects the trans-
Golgi network (TGN), cell surface, and the endosome is critically important for APP and BACEL1
protein sorting. Both APP and BACE]1 are N-glycosylated in the ER and O-glycosylated in the
Golgi apparatus before reaching the plasma membrane. They are then rapidly internalized to the
endosome, where some are sorted to lysosome for degradation while a small fraction is sent back
to TGN. Part of the proteins are directly sorted to the endosome without reaching the plasma
membrane.

11
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1.3.2 Lysosomal and proteasomal degradation of APP

Among the two major intracellular degradation systems, i.e., the ubiquitin proteasome
system (UPS) and lysosome system, APP is mainly degraded by the latter. The
lysosome inhibitor chloroquine greatly inhibited the degradation of full-length APP
(Caporaso et al., 1992) . Furthermore, cell-surface biotinylation-labeled full-length
APP was detected inside the cells, especially in the lysosome (Haass et al., 1992).
Interestingly, the UPS has been recently shown to also take part in APP degradation.
A few proteins have been identified to assist APP degradation through UPS.
Synoviolin/Hrd1, a ubiquitin ligase for ER-associated protein degradation (ERAD),
was shown to interact with and ubiquitinate APP, and accelerate its proteasomal
degradation (Kaneko et al., 2010). Similarly, F-box and leucine rich repeat protein2
(FBL2), a component of the E3 ubiquitin ligase complex, enhanced APP degradation
by ubiquitinating its C-terminal (Watanabe et al., 2012). Moreover, ubiquilin, a
protein that physically associated with both ubiquitin E3 ligase and the proteasome,
assisted the Lys-63-linked poly-ubiquitination of APP at Lys-688 site and inhibited its
non-lysosomal degradation (El Ayadi ef al., 2012). It is likely that while the majority
of APP undergoes lysosomal degradation, a small proportion goes to proteasomal
degradation, which was demonstrated in the above studies by the application of
proteasome inhibitors. The report by Kaneko ef al. also implicated that APP may shift
to ERAD-proteasomal degradation when they cannot be properly folded under cellular
stress (Kaneko et al., 2010).

1.3.3 Functions of full-length APP and its cleavage products

Researches on AD pathogenesis have focused on the proteolytic process of APP and
the production of A. In fact, full-length APP bears many important physiological
roles. The overall effect from loss of APP is displayed on APP knockout mice, who
showed body weight and brain weight deficits, alterations in locomotor activity and

impaired spatial memory (Zheng et al., 1995; Ring et al., 2007). Moreover, sAPP and

12
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AICD, cleavage products of full-length APP that have been largely overlooked in the

AD field, also serve many important cellular functions.

Functions of full-length APP. One prominent role of full-length APP is to facilitate
the axonal transport in neurons. Kamal et al. first discovered the interaction in vivo
between APP and the KLC subunit of kinesin-I, a conventional microtubule motor
protein. The axonal transport of APP was decreased in KLC mutant mice, which
indicated the role of kinesin in APP transport (Kamal et al., 2000). Subsequent studies
revealed the colocalization of APP, BACEI1 and PS1 in the same axonal membrane
compartment. Surprisingly, the axonal transport of BACE1 and PS1 was diminished
in APP”" mice, which implicated a role of APP itself in axonal transport (Kamal ez al.,
2001). APP may also be involved in cell adhesion, since the extracellular sequence of
APP interacted with various extracellular matrix components including laminin
(Kibbey et al., 1993), collagen type I (Beher ef al., 1996) and heparin (Clarris ef al.,
1997). Indeed, heparin has been shown to bind to the E1 and E2 domain of APP and
induce APP dimerization (Gralle et al., 2006), which promote intercellular adhesion

of mouse embryonic fibroblasts (MEFs) (Sabo ef al., 1999).

Functions of APP cleavage products. sAPPa, the secreted N-terminal fragment of
APP, plays important physiological roles. The first indication came from the rescue
experiments in APP knockout animals, as the knockin of sAPPa rescued almost all of
the phenotypes displayed in APP” mice (Ring et al., 2007). Moreover, endogenous
sAPPa was required for hippocampal long-term potentiation (LTP) and spatial
memory (Taylor et al., 2008). Exogenous sAPPa is thought to have neurotrophic
functions, since intracranial infusion of sSAPPa or overexpression of ADAMI10 in
transgenic mice significantly increased synaptic density (Roch et al., 1994; Meziane et

al., 1998; Bell et al., 2008).

13
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As is described in Section 1.3.1, Fe65 binds to the YENPTY motif of APP C-terminal
and regulates the trafficking of APP. Studies have further revealed that AICD, the
intracellular APP C-terminal fragment that is released after y-cleavage, formed a
multimeric complex with Fe65 and the hitone acetyltransferase TIP60. The complex
potently stimulated gene transcription (Cao & Sudhof, 2001), indicating a role of
AICD in gene expression regulation. Interestingly, one of its target genes was
neprilysin, a metalloprotease that is partly responsible for the degradation of A

(Pardossi-Piquard et al., 2005).

1.4 BACET1: expression regulation, trafficking, degradation and functions
BACE]I is the B-secretase in vivo, which is required for AP generation. A slight
increase of BACE]1 expression is sufficient to promote C99 and AP production (Li et
al., 2006). Moreover, elevated C99 is not only associated with the overall production
of heterogeneous AP, but is directly and positively correlated with the production of
A4z, the major toxic and a hydrophobic species of AB (Yin et al., 2007). Notably,
increased BACEI level and B-secretase activity are detected in AD brains (Holsinger
et al.,2002; Yang et al., 2003; Chen et al., 2011), indicating that dysregulation of
BACEI may contribute to AD pathogenesis. Endogenous BACEI expression is
tightly regulated at transcriptional and translational level. BACEL1 activity is also
regulated by its trafficking between cellular compartments and by its intracellular

degradation.

1.4.1 Expression regulation of BACE1

BACEI is tightly regulated at transcriptional level. Our lab first cloned the human
BACEI promoter region, which contains many putative transcription factor (TF)
binding sites such as Sp1, NF-kB, hypoxia-inducible factor 1-a (Hifla) and activating
protein 2 (AP2) (Christensen et al., 2004). We identified Sp1 as an essential TF for
BACE] transcription (Christensen ef al., 2004) and NF-«B as a TF that upregulates

14
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BACEI expression (Chen et al., 2011). Recently we discovered that an isoform of
glycogen synthase kinase (GSK), GSK3, regulates BACE1 expression via NF-xB
signaling (Ly et al., 2013). BACEI expression is also regulated post-transcriptionally.
The GC-rich 5’-untranslated region (5’UTR) was shown to be a constitutive
translation barrier (Lammich ef al., 2004). Moreover, upstream ATGs inhibits the
translation of the main open reading frame (ORF) (De Pietri Tonelli et al., 2004) ,
which is controlled by leaky scanning and reinitiation (Zhou & Song, 2006).

Interestingly, BACEI1 expression is regulated in response to cellular stress, including
oxidative stress (Tamagno ef al., 2002; Tong et al., 2005), hypoxia (Sun et al., 2006a;
Zhang et al., 2007) and ischemia (Wen et al., 2004). Specifically, our lab
demonstrated that hypoxia upregulated BACE]1 transcription through binding to the
hypoxia responsive element, which further increased CTF production, A plaque
deposition and impaired memory functions in AD mouse model (Sun et al., 2006a).
The observation provided a molecular mechanism for the higher incidence of AD in

people who have previously experienced stroke attack.

1.4.2  The trafficking of BACE1

As a type I transmembrane protein, BACE1 undergoes classical secretory pathway as
APP does (Figure 1.2). It is synthesized in the ER, undergoes maturation and
modification in the ER and Golgi, and traffics from TGN to either the plasma
membrane or to the endosome. Cell surface BACEI is internalized to early endosome,
after which they either retrograde to TGN or reach lysosome for degradation
(reviewed in (Tan & Evin, 2012)). As described above, B-secretase activity is

maximized in an acidic environment such as within the endosome.

The trafficking of BACEI is regulated through its C-terminal di-leucine motif
(Leu499-Leu500), a signal for sorting protein from TGN and plasma membrane to
endosome (Sandoval & Bakke, 1994). Mutation of the LL motif prevents the
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internalization of BACE1 from plasma membrane to endosome (Huse ef al., 2000;
Pastorino et al., 2002). The y-adaptin ear-containing ADP ribosylation factor-binding
protein (GGA) is a clathrin adaptor protein that mediates the intracellular trafficking
of transmembrane protins by interacting with their DXXLL sorting signals. The VHS
domain of GGA binds to the LL motif on BACE1 and regulates its recycling (He et al.,
2002; He et al., 2005). The binding is further potentiated by the phosphorylation of
Ser498 (Shiba et al., 2004).

1.4.3 The degradation of BACE1

BACEI is degraded by both the ubiquitin-proteasome pathway (Qing ef al., 2004) and
lysosome pathway (Koh et al., 2005). Our lab demonstrated that BACEI is
ubiquitinated. Treatment of lactacystin, a specific proteasome inhibitor, results in the
accumulation of BACEI1, C99 and AP levels (Qing et al., 2004). Gong et al. further
discovered that BACEI can be ubiquitinated by the Skp1-Cullin1-Fbx2-Roc1 (SCF
(Fbx2)) -E3 ligase (Gong et al., 2010). On the other hand, Koh ef al. showed that
lysosomal inhibitor chloroquine and NH4Cl lead to the accumulation of BACEI.
Moreover, the C-terminal di-leucine sequence of BACEI] is responsible for sorting
BACEI to endosome and lysosome (Koh et al., 2005). Interestingly, ubiquitination
may regulate the lysosomal degradation of BACE1. BACE1 was shown to be mono-
ubiquitinated and Lys-63-linked polyubiquitinated at C-terminal Lys-501 (Kang et al.,
2010). GGA3 binds to ubiquitinated BACE1 and targets it to lysosome for
degradation (Tesco et al., 2007; Kang et al., 2010).

1.4.4  Other substrates of BACE1 and its normal functions

Apart from APP, BACEI also cleaves other substrates. Alleged substrates include
neuregulin 1(NRG1) (Willem et al., 2006), voltage-gated sodium channel (Nay1) 2
subunit (Kim et al., 2007), low density lipoprotein receptor-related protein-1 (LRP1)
(von Arnim et al., 2005), amyloid 3 precursor-like protein 1 (APLP1) (Li & Sudhof,
2004) and APLP2 (Pastorino ef al., 2004). Prominently, BACE]1 cleaves NRG1 and
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releases its secreted fragment, whose interaction with ErbB receptor is required for
axonal myelination and remyelination (Hu et al., 2006; Willem et al., 2006). BACE1
also cleaves B2 subunit of Nay1, the sodium channel that carries out the rising phase
of action potentials (Catterall, 2000). The accessory B2 subunit regulates the
expression of the pore-forming a-subunit, and the density and function of Nay1 (Chen
et al.,2002). BACEI overexpression results in increased Nay1.1 mRNA and protein
levels intracellularly, but reduces its cell surface expression (Kim et al., 2007). When
designing BACE] inhibitor for AD therapeutics, it is important to take into account
physiological functions of BACE]1 to avoid mechanism-based side effects.

1.5 The amyloid hypothesis of Alzheimer’s disease

1.5.1 The amyloid plaque hypothesis

To explain the cause of Alzheimer’s disease, Hardy & Higgins proposed the “amyloid
cascade hypothesis” in 1992. They proposed that the deposition of AP, the main
component of the plaque, is the causative agent of Alzheimer's pathology. The
neurofibrillary tangles, cell loss, vascular damage, and dementia follow as a direct
result of this deposition (Hardy & Higgins, 1992). To distinguish this hypothesis from
the revised amyloid oligomer hypothesis, we refer to it as the amyloid plaque

hypothesis in this dissertation.

The amyloid plaque hypothesis is based on the breakthrough discoveries in the 1980s
and 1990s. Glenner and Wong first purified AP from B-sheet fibrils in cerebrovascular
amyloidosis associated with AD (Glenner & Wong, 1984b). One year later Masters et
al. discovered that the amyloid plaque core protein in AD and aged individuals with
Down syndrome was the same molecule (Masters ef al., 1985). Subsequent cDNA
library screening with probes from AP led to the discovery of the 695-amino acid APP
on chromosome 21, of which DS patients have a third copy (Goldgaber et al., 1987;
Kang et al., 1987; Robakis et al., 1987; Tanzi et al., 1987). The findings revealed a
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genetic linkage between DS and the inevitable AD pathology. The identification of the
first few mutations in APP (Goate et al., 1991; Hendriks et al., 1992; Mullan et al.,
1992) in early-onset FAD and cerebral hemorrhage due to cerebral amyloid

angiopathy further supported the AP hypothesis for AD pathogenesis.
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Figure 1.3 The amyloid hypothesis of Alzheimer's disease

The amyloid cascade hypothesis stated that the deposition of AB plaques is the causative agent of
Alzheimer's pathology (the black arrow). The neurofibrillary tangles, cell loss, vascular damage,
and dementia follow as a direct result of this deposition. The revised amyloid oligomer hypothesis
blamed AP oligomers to be the culprit of neuronal dysfunction and neuronal death that lead to AD
(the orange arrow). AP plaques, although widely observed in AD brains, may not be the direct
cause of AD.
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In the last 20 years, AP hypothesis has received the most popularity in the AD field,
although some researchers are advocates of the newly-raised “tau hypothesis”, or the
oldest “cholinergic hypothesis”. AP hypothesis is strongly supported by scientific
observations in a few aspects. The first and strongest support comes from early-onset
FAD. Most of the FADs are caused by one of the three genes: APP, PS1 and PS2. So
far more than 30 FAD-associated mutations in APP, more than 180 mutations in PS1
and 14 mutations in PS2 gene have been identified, all of which lead to elevated total
AP production or increased Aas/AP4o ratio

(http://www.molgen.ua.ac.be/ADMutations/). Those missense mutations are sufficient

to cause AD in their carriers, who display initial symptoms as early as in their 40s.
This is potent evidence for the causal role of AP in AD pathogenesis, which advocates
of other hypotheses have to explain or incorporate into their theories. Secondly, tau
mutation has not been discovered in AD. In fact, tauopathies caused by tau mutation,
such as frontotemporal dementia with parkinsonism (FTDP-17), display distinct
clinical manifestation from AD with no A plaque deposition as in AD (Hutton ef al.,
1998; Spillantini et al., 1998). Thirdly, ApoE, the most significant genetic risk factor
for late-onset AD (Corder et al., 1993; Corder et al., 1994), plays an important role in
AP production, clearance and aggregation (Bu, 2009), again indicating a central role

of AP in AD pathogenesis.

Despite the mounting support, there are some observations that Af plaque hypothesis
fails to explain. The strongest objection comes from the poor correlation between the
number of amyloid plaques in the brain and the degree of cognitive impairment in AD
patients. Rather, NFT pathology, as described in Braak staging of AD (Braak & Braak,
1991), correlates better with the severity of AD (Arriagada et al., 1992). Another
objection comes from the lack of amyloid-only dementia. While tau-only pathology
may cause some forms of frontotemporal dementia, AP pathology is always
accompanied by tauopathy in AD, suggesting the involvement of tauopathy in AD

development.

19



General introduction

1.5.2 The revised amyloid oligomer hypothesis

In 2002, Hardy and Selkoe proposed the revised amyloid oligomer hypothesis that
better accommodates the discrepancy between some of the observations and the AP
plaque hypothesis. The revised AP hypothesis blamed AP oligomers to be the culprit
of neuronal dysfunction and neuronal death that lead to AD (Hardy & Selkoe, 2002).
AP plaques, although widely observed in AD brains, may not be the direct cause of
AD.

The revised amyloid hypothesis has been embraced by the AD society, for a few
reasons. First, it provided explanations for the lack of association between plaque
deposition and cognitive impairment stage in AD. In fact, levels of soluble A}
oligomers are well correlated with clinical status in AD (McLean et al., 1999; Mc
Donald et al., 2010). Secondly, the hypothesis reflected the AP oligomer toxicity to
synaptic plasticity and learning and memory in AD mouse models. Studies have
shown that both synthetic small diffusible AP oligomers (ADDLSs) and naturally-
secreted AP oligomers inhibited hippocampal LTP (Lambert et al., 1998; Walsh et al.,
2002). A 56-kD soluble Ap assembly (AB*56) from APP transgenic mice disrupted
memory in young rats (Lesne et al., 2006). Strikingly, soluble AB oligomer extracts
from brains of AD patients impaired synaptic plasticity and memory in normal rodents,
which was prevented by antibodies to the N-terminus of AP (Shankar et al., 2008).
These studies demonstrated the toxicity of endogenous AP oligomers and strongly

supported the AP oligomer hypothesis.

It is not conclusive yet whether the AP plaque hypothesis or the revised AP oligomer
hypothesis is a better model for AD pathogenesis. Whichever is true, limiting Af3
production and accelerating AP clearance are the primary goals of AD therapeutics.
The main focus of this thesis is on strategies that reduce AP production. While the
experiments were not designed to test the validity of the two hypotheses, they may

provide support for one hypothesis over the other.
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1.6 Inflammation, NF-kB and Alzheimer’s disease

AD is a chronic disease accompanied by prolonged inflammation. In the brains of AD
patients, prominent activation of the inflammatory processes and the innate immune
responses is observed, which is probably stimulated by damaged neurons and
insoluble A plaque deposition (reviewed in (Akiyama et al., 2000)). Abnormal
expression of cytokines, chemokines, compliments and other proteins related to
inflammatory responses has been confirmed by immunohistochemistry, western blot
and mRNA measurements (Akiyama et al., 2000). Among them, NF-kB, interleukin
(IL)-1a, the chemokine CCL20 and tumor necrosis factor (TFN)-a-induced protein 2
have been reported to increase in AD in more than one study (Wyss-Coray, 2006).

While beneficial immune responses such as the phagocytosis of damaged cells may
inhibit AD, it is believed that chronic inflammation induces detrimental changes in the
brain (Wyss-Coray, 2006). Early support for this notion came from epidemiological
studies that discovered a lower incidence of AD in people with rheumatoid arthritis,
who generally received nonsteroidal anti-inflammatory drugs (NSAIDs) (McGeer et
al., 1990). Subsequent postmortem studies confirmed the reduction of activated
microglia by three folds in the brains of those patients. Interestingly, NSAID use did
not alter the number of amyloid plaques and tangles, indicating an inflammation-
dependent and plaques and tangles-independent mechanism in AD pathogenesis
(Mackenzie & Munoz, 1998). Further studies revealed the regulation of AB production
and plaque formation by COX, the main target of NSAIDs. Lim ef al. demonstrated
the effect of ibuprofen, a common NSAID, on the reduction of microglial activation
and amyloid plaque numbers in Tg2576 AD mouse model (Lim ef al., 2000). In
accordance, overexpressing human COX-2 in APPswg/PS1 o246k transgenic mice
exacerbated AP plaque formation (Xiang ef al., 2002). These reports suggested a role

of inflammation in AD pathogenesis in both plaque-dependent and -independent ways.
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The transcription factor NF-kB is an important part of immune responses. While
normal NF-«B activity is required for neuronal integrity and learning and memory
(Kaltschmidt & Kaltschmidt, 2009), its dysregulation may induce chronic
inflammation and contribute to neurodegeneration in AD (reviewed in (Granic ef al.,
2009)). NF-xB and A have been shown to regulate each other through a positive
feedback loop. Extracellular A activates NF-xB via Receptor for Advanced
Glycation Endproducts (RAGE), an A receptor, in APP/RAGE transgenic mice
(Arancio et al., 2004). On the other hand, NF-xB regulates Ap production and
amyloid pathology in APP transgenic mice (Sung et al., 2004). Bourne et al. looked
into the molecular mechanism and identified an NF-«kB binding site on rat BACE1
promoter, through which NF-«kB upregulated BACEI1 transcription in activated
astrocytes (Bourne et al., 2007). Recently, Chen et al. identified four NF-kB binding
sites on human BACEI promoter, and demonstrated that overexpression of NF-kB
p65 enhanced BACEI transcription (Chen et al., 2011). Ly et al. confirmed the effect
of NF-xB on BACEI] transcription expression and further identified GSK3p as one of
the upstream regulators of NF-xB activation in this pathway (Ly ef al., 2013). Studies
to identify other AD-associated molecules that are regulated by NF-kB signaling will

provide more information for the role of NF-kB and inflammation in AD pathogenesis.

1.7 Ubiquitin signaling

Ubiquitination is a type of post-translational modification, where ubiquitin, a 76-
amino-acid protein, is covalently attached to its substrate by an isopeptide bond. The
addition of ubiquitin marks the substrate for a variety of cellular events, and is one of

the important strategies recruited by cells to regulate protein metabolism and functions.

Ubiquitin is best known for its role in proteasome degradation. When it was first

isolated in the 1970s, however, it was thought to have lymphocyte-differentiating
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properties (Goldstein, 1974; Goldstein et al., 1975). The name ubiquitin indicates its
ubiquitous expression in almost all living cells (Schlesinger ef al., 1975). In 1980,
Ciechanover ef al. identified a polypeptide component of an ATP-dependent and
lysosome-independent proteolytic system (Ciechanover et al., 1980a; Ciechanover et
al., 1980b; Hershko et al., 1980), which turned out to be ubiquitin (Wilkinson et al.,
1980). Since then, ubiquitin has been shown to direct the ubiquitin-proteasome protein
degradation as well as many other cellular processes, including protein localization,

histone regulation, viral infection, to list a few.

Ubiquitin is encoded by four genes in the human genome: UBB, UBC, UBA52 and
UBAS80. UBB and UBC are translated into linear fusions of three and nine copies of
ubiquitin respectively, while UBA52 and UBA80 each contains one copy of ubiquitin
that is fused to ribosomal protein L40 and S27a respectively (summarized in
(Komander et al., 2009)). After the precursor is processed into mono-ubiquitin, the C-
terminal glycine 76 is conjugated to a lysine residue of its substrate with the help of
ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin
ligases (E3) (Figure 1.4). In the ubiquitination cascade, the E1 is able to bind dozens
of E2s, each of which recognizes many E3s, in a hierarchical way. The substrate-

specific E3s ensure selective protein ubiquitination for specific cellular events.
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Figure 1.4 The ubiquitination process

The activation of ubiquitin is initiated by the ubiquitin-activating enzyme (E1) via binding to its C-
terminus. The reaction requires ATP. The activated ubiquitin on E1 is then transferred to the
cysteine residues of a ubiquitin-conjugating enzyme (E2). The E2 protein acts in conjunction with
ubiquitin ligases (E3). E2-E3 complexes bind to protein substrates and catalyse the transfer of
ubiquitin to a lysine on the substrate protein. The substrate is thus mono-ubiquitinated. The
process can be repeated to form polyubiquitin chains.

The ubiquitination process can be repeated to form polyubiquitin chains. The glycine-
76 of a second ubiquitin is conjugated to one of the seven lysines of the ubiquitin that
is already bound to the substrate. Among the seven lysine residues, Lys-48 and Lys-63
are the ones most commonly recruited to form the isopeptide bonds. The type of
substrate ubiquitination (mono-ubiquitination, Lys-48 polyubiquitination, Lys-63
polyubiquitination, etc.) provides another level of specificity for downstream cellular

Processces.
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1.7.1 Ubiquitin in ubiquitin-proteasome system

1.7.1.1  The ubiquitin proteasome system

The most prominent role of ubiquitin is mediating protein degradation by the UPS.
The UPS and the autophagy-lysosome system are two major intracellular degradation
systems. The UPS rapidly degrades short-lived proteins to regulate many cellular
processes, while autophagy is mainly responsible for the degradation of long-lived
proteins and large organelles (Kraft et al., 2010). The UPS degrades proteins that are
polyubiquitinated. When chains composed of at least four Lys-48-linked ubiquitins
are formed, the target protein is then recognized and transported to the 26S
proteasome for degradation into small peptides (Weissman, 2001). The 26S
proteasome is a large multisubunit protease complex that consists of a 20S catalytic
core complex and two 19S regulatory complexes at both ends. While the proteolytic
activities are conferred by three subunits in the interior of the 20S chamber, the 19S
complex serves as the gate of the proteasome. It recognizes and removes the Lys-48
polyubiquitin from the substrate, and unfolds the substrate for translocation into the
20S chamber (Dahlmann, 2005). Three proteasome-associated de-ubiquitinating
enzymes (DUBs), RPN11, UPS14 and UCH37, regulate the de-ubiquitination process
of the substrates. They either remove ubiquitin from the substrates and accelerate their
degradation (as in RPN11), or reverse the ubiquitination and rescue proteins from

being degraded (as in USP14 and UCH37) (see Section 1.8.1).

1.7.1.2  The UPS and AD

The UPS regulates the turnover of a wide variety of intracellular proteins. Notably,
many of the AD-associated proteins, including B-secretase BACE1 and components of
y-secretase complex are all at least partially degraded via the UPS. Our lab
demonstrated that treatment with specific proteasome inhibitor led to the

accumulation of BACEI1, C99 and A protein, suggesting UPS-degradation of
BACE]1 (Qing et al., 2004). Similarly, we and others have confirmed the turnover of
PS1, aph-1 and nicastrin by the UPS (Fraser et al., 1998; He et al., 2006; He et al.,
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2007). Interestingly, although the majority of APP undergoes lysosome degradation
(Caporaso et al., 1992; Haass et al., 1992), at least a fraction of it can be ubiquitinated
and degraded via the UPS (Kaneko et al., 2010; El Ayadi et al., 2012; Watanabe et al.,
2012) (described in Section 1.3.2). These findings suggested that the UPS is vital in
APP processing and A production.

Dysfunctional UPS is associated with AD. Keller et al. demonstrated that proteasome
activities decreased in AD brains, especially in hippocampus, perihippocampal gyrus,
superior and middle temporal gyri, and the inferior parietal lobule (Keller ez al., 2000).
Lopez Salon et al. further showed that E1 and E2 activities were significantly reduced
in AD samples (Lopez Salon ef al., 2000). Moreover, UBBH, a mutant form of
ubiquitin generated from a di-nucleotide deletion of the ubiquitin mRNA, was
accumulated in brains affected by AD (van Leeuwen et al., 1998). Overexpression of
UBB™', which lacked the ability to ubiquitinate, significantly induced nuclear
fragmentation and cell death, indicating a causal role of abnormal ubiquitin in

neuronal death (De Vrij et al., 2001).

1.7.2  Ubiquitin as a UPS-independent signal

In addition to its role in the UPS, ubiquitin also serves as a signal for many other
cellular events. In those events, substrates are usually not Lys-48-linked
polyubiquitinated. Instead, they are most often mono-ubiquitinated or Lys-63-linked
polyubiquitinated. Important functions of UPS-independent ubiquitination include
protein endocytosis, autophagy-lysosome degradation, viral infection, and histone
regulation. Here we briefly introduce ubiquitin signaling in protein trafficking and

degradation-related pathways.

1.7.2.1 Protein endocytosis by ubiquitin signaling
Ubiquitination marks cell-surface proteins for internalization from the plasma

membrane. Identified substrates in mammalian cells include growth hormone (GH)
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receptor, platelet-derived growth factor (PDGF) receptor, epidermal growth factor
(EGF) receptor and epithelial Na" channel (ENaC) (Mori et al., 1992; Galcheva-
Gargova et al., 1995; Strous et al., 1996; Staub et al., 1997). Most ubiquitinated
proteins are internalized and targeted for lysosome degradation, although a few
require the assistance of proteasome to be fully degraded (reviewed in (Hicke, 1999)).
Mono-ubiquitination is generally sufficient for proteins to be internalized into primary
endosomes, and Lys-63-linked polyubiquitination enhances internalization rates

(Galan & Haguenauer-Tsapis, 1997; Springael et al., 1999).

1.7.2.2  Autophagy-lysosome degradation by ubiquitin signaling

Autophagy mainly degrades long-lived proteins and organelles. Protein degradation
by autophagy is largely non-selective. However, lines of evidence have suggested the
existence of selective autophagy, which recruits ubiquitin as one of the signals (Kraft
et al., 2010). Studies have identified several proteins that transport specifically
ubiquitinated proteins to autophagosome for degradation, including p62, NBR1 and
NDP52 (Pankiv et al., 2007; Kirkin et al., 2009; Thurston et al., 2009). All of them
contain a ubiquitin-binding domain and one or two recognition domains for LC3/Atg8,
a critical component of autophagosome. In addition to selective autophagy, the
common ubiquitination signal hosts the crosstalk between proteasomal and autophagic
degradation. When proteasome is inhibited, autophagic activity is enhanced (Ding et
al., 2007; Pandey et al., 2007). In this process, histone deacetylase 6 (HDAC6)
promotes aggresome formation of already ubiquitinated protein, which is then
transported on microtubule to be degraded by autophagy (Iwata et al., 2005; Pandey et
al., 2007). Other proposed mechanisms for the compensatory autophagic degradation
include the upregulation of Atg5/Atg7 and LC3 expression upon proteasome
inhibition, probably by transcription factor ATF4 (Milani et al., 2009; Zhu et al.,
2010).
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1.8 De-ubiquitinating enzymes (DUBs)

Deubiquitination is the reverse process of ubiquitination, which removes ubiquitin
from its substrates. DUBs are a large group of enzymes that carry out this process.
They specifically cleave ubiquitinated substrates after the terminal carbonyl of

ubiquitin Gly-76 (Amerik & Hochstrasser, 2004).

There are approximately 80 DUBs identified so far, which can be classified into five
distinct subgroups based on their sequence similarities and likely mechanisms of
action: ubiquitin carboxyl-teminal hydrolases (UCHs), ubiquitin-specific proteases
(USPs), ovarian tumour proteases (OTUs), Josephins, and JAB1/MPN/MOV34
metalloenzymes (JAMM or MPN+). The first four subgroups belong to cysteine
proteases, whose enzymatic activities rely on a Cys-His catalytic diad or a Cys-His-
Asp/Asn triad. The fifth subgroup (JAMM/MPN+) is a type of zinc-dependent

metalloprotease (reviewed in (Komander et al., 2009)).

1.8.1 Physiological roles of DUBs

The large group of DUBs serve a variety of functions, which include processing
ubiquitin precursors, rescuing substrate from degradation, removing non-degradative
ubiquitin signal, removing ubiquitin immediately before protein degradation, editing
and recycling free ubiquitin and disassembly of unanchored ubiquitin oligomers

(Komander et al., 2009) (Figure 1.5).
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Figure 1.5 Physiological roles of DUBs

(A) Ubiquitin is encoded by four genes (UBB, UBC,UBA52 and UBA80). Ubiquitin precursors are
linear fusions of multiple copies of ubiquitin (as of UBB and UBC) or ubiquitin fused to the amino
terminus of ribosomal proteins (as of UBA52 and UBAS80). Generation of free ubiquitin from these
precursors is a key function of deubiquitinases (DUBs). (B) Deubiquitylation can reverse both
degradative and non-degradative ubiquitin signal. (C) Proteasome-associated DUBs can remove
ubiquitin from the substrate immediately before it enters the 20S core of proteasome for
degradation. (D) DUBs have a crucial role in maintaining ubiquitin homeostasis. They are
responsible for editing and recycling used ubiquitin, and the disassembly of polyubiquitin chains.

Processing ubiquitin precursors. Human ubiquitin is encoded by four genes: UBB,
UBC, UBA52 and UBASO. It is transcribed and translated into a linear fusion of
multiple copies of ubiquitin (as in UBB and UBC) or fusion of a ubiquitin and a
ribosomal protein (as in UBAS52 and UBAS80). Proper processing of these precursors is
essential for the generation and function of ubiquitin. DUBs are able to co-
translationally cleave ubiquitin sandwich fusions and provide highly coordinated and
efficient production of ubiquitin (Turner & Varshavsky, 2000). Among all DUBs,
UCHLI and UCHL3, two DUBs of the UCH family, are likely to carry out this
function, as they were able to cleave translational products of UBA52 and UBA80

efficiently in vitro (Larsen et al., 1998).
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Regulation of protein stability. Some DUBs remove the polyubiquitin chains from
the substrates and rescue them from proteasomal degradation. For example, USP28
stabilizes MYC, a proto-oncogene in many human tumors, by interacting with its E3
ligase (Popov et al., 2007) . USP2a deubiquitinates fatty acid synthase and protects it
from proteasomal degradation (Graner et al., 2004). Other prominent examples
include USP7 and its specific substrate MDM2, an E3 ubiquitin ligase for p53
(Cummins & Vogelstein, 2004). Protein stabilization by DUBs is also exemplified in
endosomal-lysosomal degradation. For example, AMSH is an endosome-associated
DUB in that it disassembles Lys-63-linked polyubiquitination of EGFR and rescues it
from lysosomal degradation (Clague & Urbe, 2006). Similarly, UCHL3
deubiquitinates ENaC and brings it back to the apical surface, which will otherwise be

endocytosed and degraded with the ubiquitin tag (Butterworth et al., 2007)

Negative regulation of ubiquitin signals. DUBs also reverse non-degradative
ubiquitin signalings. One example is the dynamic ubiquitination/deubiquitination of
histones. Four DUBs (MYSM1, USP3, USP16 and USP22) have been shown to
directly deubiquitinate histone H2A or H2B and regulate gene transcription (Joo et al.,
2007; Nicassio et al., 2007; Zhu et al., 2007; Zhang et al., 2008). Another well-
characterized reversible ubiquitination is exemplified in the NF-«xB signaling. The
activation of NF-kB requires the activation of IKK (inhibitor of NF-«xB kinase), which
is signaled by ubiquitination of TRAF6 or RIP1. A20, a DUB that belongs to the OTU
family, reverses the ubiquitination of TRAF6 and RIP1, and therefore negatively
regulates the activation of NF-«xB signaling (Boone et al., 2004; Wertz et al., 2004).

Disassembly of ubiquitin oligomers. Unanchored polyubiquitin chains are produced
in most eukaryotes (Pickart, 2000), possibly from endo-deubiquitination of
polyubiquitinated proteins by specific DUBs. The further disassembly of
polyubiquitin chains is critical in that (1) excessive polyubiquitin chains inhibit

proteasomal degradation and (2) recycled ubiquitin is an important source of the free
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ubiquitin pool. Studies show that one particular DUB, isopeptidase T in mammals and
Ubp14 in yeast, is responsible for cleaving unanchored polyubiquitin chain into free

ubiquitin (Hadari ef al., 1992; Wilkinson et al., 1995; Amerik et al., 1997).

Proteasome-associated DUBs. After proteins are marked by Lys-48-linked
polyubiquitin chains, DUBs can deubiquitinate proteins and rescue them from
degradation. Alternatively, they can remove ubiquitin chains and promote protein
degradation. This concept is exemplified by three distinct DUBs that are associated
with the 26S proteasome: RPN11 (also known as POH1), USP14 and UCH37 (also
known as UCHLYS) (reviewed in (Lee et al., 2011)). All three DUBs are associated
with the 19S regulatory particle. Interestingly, the three DUBs affect the UPS in
different ways. RPN11 is responsible for removing ubiquitin chains from substrates to
facilitate their translocation to the narrow cylindrical 20S proteasome core (Yao &
Cohen, 2002). In contrast, inhibition of USP14 and UCH37 promotes the proteasomal
degradation in the cell (Koulich et al., 2008; Lee et al., 2010).

1.9 Ubiquitin carboxyl-terminal hydrolase L1 (UCHL1)

UCHLI1 belongs to the UCH family of the DUBs. It is encoded by a single gene
located on chromosome 4. It is a 223-amino acid cytosolic cysteine protease, whose
catalytic mechanism involves a nucleophilic cysteine thiol in a catalytic triad. UCHL1
is able to cleave ubiquitin precursors as well as ubiquitinated proteins such as a-
synuclein and B-catenin. In addition to its hydrolase activity, UCHL1 has also been
found to have ubiquitin ligase activity at higher concentrations, transforming mono-
ubiquitinated substrates into di-ubiquitinated proteins. UCHL1 is essential for
neuronal integrity, especially for neurons in the gracile tracts. Moreover, dysfunction
of UCHL1 has been identified in neurodegenerative diseases such as Parkinson’s

disease (PD) and Alzheimer’s disease, and in many types of cancer.
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1.9.1 Distribution of UCHL1

UCHL1 was originally detected by two-dimensional polyacrylamide gel
electrophoresis in an effort to discover brain-specific proteins in humans (Jackson &
Thompson, 1981). It is expressed predominantly in the brain and neuroendocrine
systems, with detectable expression in kidneys and reproductive system (Jackson &
Thompson, 1981; Doran et al., 1983; Wilson et al., 1988). UCHLI accounts for 1-2%
of total brain soluble proteins. Immunolabeling showed that UCHL1 is localized to
neurons in the cerebral cortex but not to glial cells (Doran et al., 1983). Further
immunostaining studies showed that UCHL1 is expressed strongly and uniformly in
almost all neurons, especially in large neurons such as Purkinje cells and cortical
neurons of the cerebrum (Wilson ef al., 1988). Because of its rich expression in large
neurons throughout the axons to the smallest terminal branches, UCHL1 has been
used as a neuronal marker to visualize periphery nerve network (Nemeth & Puri, 2000;
Pintelon ef al., 2007) and to detect re-innervation of the nervous system (Gray et al.,

1992; Grisk et al., 2001).

Apart from its specific and strong expression in neurons, UCHL1 is also a highly
conserved protein. Using a polyclonal rabbit antiserum raised against intact human
UCHLI, Jackson ef al. showed that UCHL1 is not only expressed in mammals such as
sheep, rat and guinea-pig, but also in species evolutionarily far from humans such as
chicken, trout, and frog, which indicated its existence from at least 400 million years

ago (Jackson et al., 1985).

1.9.2 Biochemical and structural properties of UCHL1

UCHLI1 is a cysteine protease, whose catalytic cysteine thiol resides in its catalytic
triad. Site-directed mutagenesis revealed that Cys90 and His161 are the two active site
residues (Larsen et al., 1996). Among a number of ubiquitin derivatives, UCHLI1
preferentially cleaves small substrate such as amino acid and oligopeptide from C-

terminus of ubiquitin, but not large leaving groups such as proteins (Larsen et al.,
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1998). UCHLI1 is also able to cleave proubiquitin gene products such as UBAS52
(Larsen et al., 1998). Structural studies confirmed the above discoveries from
biochemistry experiments. Using X-ray crystallography, Das et al. demonstrated that
the putative catalytic triad C90, H161, and D176 reside on three secondary structure
elements: a helix (a3), a strand (33), and a loop (L9), which together form the active
site cleft. Moreover, ligand-induced conformational change is required for the
activation of UCHLI, implicating a mechanism for substrate specificity of UCHLI
(Das et al., 2006).

1.9.3 Enzymatic activities of UCHL1

As described above, UCHL1 serves as a ubiquitin hydrolase and specifically cleaves
ubiquitin after the C-terminal glycine. Apart from its de-ubiquitinating activities,
UCHLI1 also has other important functions. Liu et al. demonstrated that UCHLI1
exhibits ubiquityl ligase activity. In a crude cell-free system, incubation of UCHL1
with free ubiquitin and ubiquitin AMC, a fluorogenic substrate for DUBs, led to the
production of di-ubiquitins with the Lys-63 linkage (Liu et al., 2002). This poly-
ubiquitin chain extension, if proved to be true in vivo, may be a signal for directing
substrates away from ubiquitin proteasome degradation. UCHL1 also serves as a
mono-ubiquitin stabilizer. Osaka ef al. demonstrated decreased free ubiquitin pool in
gad mice, an equivalent of UCHL1 knock-out mouse model. In accordance,
overexpression of UCHL1 prolongs the half-life of free ubiquitin (Osaka et al., 2003).
While the substrates of UCHL1 may be limited due to its structural and biochemical
characteristics (Larsen ef al., 1998; Das et al., 2000), it is possible that UCHLI
regulates protein metabolism in an indirect way by recycling ready-to-use free

ubiquitins.
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1.9.4 Substrates of UCHL1

UCHLI has been shown to process ubiquitin precursors UBAS52 and UBAS8O (Larsen
et al., 1998). Biochemical and structural studies predict that it is probably not efficient
in cleaving ubiquitins from large proteins (Larsen et al., 1998). Nevertheless, a few
substrates of UCHL1 have been reported. UCHLI1 is able to directly cleave ubiquitin
from B-catenin (Bheda et al., 2009) and a-synuclein (Liu et al., 2002) and rescue them
from degradation. UCHL1 also reduces levels of ubiquitinated inhibitor of kappa B-a
(IkB-a)) and attenuates NF-kB activity (Takami et al., 2007). Moreover, physical
interactions have been detected between UCHL1 and JAB1-p27 complex (Caballero

et al.,2002), and UCHL1 and lysosome-associated membrane protein 2-A (LAMP-2A)
(Kabuta et al., 2008a), although it has not been defined whether any of them are its

substrates.

1.9.5 Gene regulation of UCHL1

Shortly after the cloning of human UCHLI cDNA (Day & Thompson, 1987), its
proximal promoter region was characterized. A classic TATA box was identified 20 to
30 bp upstream of the transcription start site (TSS) (Day et al., 1990). Furthermore, a
fragment within the region -182 to -123 relative to the TSS was identified as an
essential positive cis-acting regulatory sequence (Mann et al., 1996). This 59-bp
fragment turned out to be a bi-directional regulator, which activates the transcription
of UCHLI1 in human neuroblastoma SH-SYS5Y cells and represses it in Hela cells
(Trowern & Mann, 1999). Subsequent researches revealed the mechanism of bi-
directional regulation. It was discovered that a 20-bp sequence within this 59-bp
fragment is a functional neuron restrictive silencer element (NRSE). In non-neural
cells, repressor element 1 silencing transcription factor/neuron restrictive silencer
factor (REST/NRSF) binds to NRSE and represses the transcription of UCHLI1
(Barrachina et al., 2007). The transcriptional regulation by REST/NRSF may explain

its neuronal-specific expression. The promoter activity of UCHL] is also regulated by
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the B-catenin/TCF transcriptional complex (Bheda et al., 2009). Bheda et al. identified
two putative TCF4 binding sites on UCHLI promoter. Overexpression of TCF4
together with B-catenin activator LiCl significantly increases the activity of UCHLI
promoter, but not that of mutants whose putative TCF4 binding sites are mutated
(Bheda et al., 2009). The discovery suggested a mechanism for elevated UCHLI1

expression in cancerous tissues via the oncogenic -catenin/TCF pathway.

1.9.6 Post-translational modification of UCHL1

Post-translational modification of UCHLI1 is another way by which the activity of
UCHLI is regulated. UCHL1 can be covalently modified by 4-hydroxynonenal (4-
HNE), an endogenous product in cells under oxidative stress. The oxidation of
UCHL1 by 4-HNE reduces its hydrolase activity (Nishikawa et al., 2003) and
ubiquitin-binding ability (Kabuta et al., 2008b). Notably, the oxidative modification
of UCHLI is associated with idiopathic AD and PD. By using 2D gel electrophoresis
and mass spectrometry, Choi et al. identified UCHLI as a major target of oxidative
damage. The level of carbonyl-modified and therefore partially dysfunctional UCHL1
is significantly higher in AD and PD brains than in controls (Choi et al., 2004).

Another important post-translational modification of UCHLI is its own mono-
ubiquitination. UCHL1 can be ubiqutinated at lysine residues near its catalytic site.
Mono-ubiquitination inhibits the ubiquitin-binding ability of UCHLI1. The time span
of this modification is regulated by UCHLI1 itself, as UCHL1 catalyzes its own
deubiquitination intramolecularly (Meray & Lansbury, 2007).
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1.10 UCHLI1 and diseases

Dysfunction of UCHL1 has been identified in neurodegenerative diseases such as AD
and PD, and in many types of cancer. Researches on its role in neurodegenerative
diseases have obtained information mainly from its missense mutations in patients,
and from its spontaneous deletions in laboratory mouse strains. In cancer research, up-
regulation or down-regulation of UCHL1 has been identified in different types and at
different stages of cancerous tissues. However, whether dysfunctional UCHL1 plays a

causal role in cancer development remains elusive.

1.10.1 UCHL1 and cancer

UCHLI has caught the eye of cancer researchers, for its abnormal expression in many
types of cancerous tissues. While under normal condition UCHLI1 is mainly expressed
in the brain (Doran et al., 1983; Wilson et al., 1988), its abnormal expression was first
detected in non-small cell lung cancer (Hibi et al., 1998; Hibi et al., 1999). Further
studies revealed the dysregulation of UCHL lexpression in many types of cancers.
However, the results were conflicting and far from conclusive. Up-regulation of
UCHLI1 has been found in pancreatic cancer (Tezel et al., 2000), invasive colorectal
cancer (Yamazaki et al., 2002), esophageal squamous cell carcinoma (Takase et al.,
2003), gallbladder cancer (Lee et al., 2006), and osteosarcoma (Liu et al., 2009),
whereas lower expression of UCHLI has been detected in prostate cancer (Ummanni

et al.,2011) and cervical carcinoma cell lines (Rolen ef al., 2006).

The controversy of UCHL1’s role in cancer lies in whether it serves as an oncogene or
a tumor suppressor gene, two essentially opposite functions. Advocates for its
oncogene function demonstrated that increased UCHL1 was associated with advanced
pathological stage in non-small cell carcinoma (Hibi ef al., 1999), and with tumor
progression in colorectal cancer (Yamazaki et al., 2002). Supporters for its tumor

suppressor role claimed that hypomethylation and increased expression of UCHL1
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was associated with better prognosis in breast cancer (Trifa et al., 2013), decreased
cell proliferation in prostate cancer (Ummanni ef al., 2011) and reduced metastasis in
colorectal cancer (Mizukami et al., 2008). It should be noted, however, that most of
the reports were correlative analysis without experimental manipulations, and
therefore were not able to establish a causal relationship between UCHL1 and cancer

development.

Recently studies have revealed the molecular mechanism underlying the oncogenic
property of UCHL1. Using co-immunoprecipitation, Bheda ef al. identified physical
interaction of endogenous UCHL1 and B-catenin. UCHLI decelerated the degradation
of B-catenin and activated the oncogenic B-catenin/TCF signaling (Bheda et al., 2009).
Zhong et al. confirmed in both in vitro and in vivo colorectal cancer model that
UCHLI1 activated B-catenin/TCF pathway, which in turn increased cell proliferation
and migration (Zhong et al., 2012). Kim et al. proposed another mechanism that
supported UCHL1’s oncogenic role. In a non-small lung cancer model, UCHL1
promoted tumor cell invasion and metastasis through Akt signaling pathway (Kim et
al., 2009). Consistently, UCHL1 overexpression strongly accelerated
lymphomagenesis in Emu-myc transgenic mice through Akt pathway by
downregulating the antagonistic phosphatase PHLPP1 (Hussain ef al., 2010). On the

other hand, studies supporting UCHLI1 as a tumor suppressor gene are lacking.

1.10.2 UCHLI1 in neurodegenerative diseases

UCHLI first raised the attention in the field of neurodegenerative disease when it was
found co-localized with cortical Lewy bodies in PD (Lowe et al., 1990). Not long
after, an I93M missense mutation of UCHL1 was identified in two siblings with early-
onset familial PD in a German pedigree, further indicating its potential roles in PD
pathogenesis (Leroy et al., 1998). Moreover, genetic deletions of UCHL1 in mouse
strains (Yamazaki et al., 1988; Walters et al., 2008) and a missense mutation in a

consanguineous union family in Turkey (Bilguvar et al., 2013) resulted in phenotypes
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of severe progressive neurodegeneration. The evidence strongly supported a causal

relationship between UCHL1 and neurodegenerative diseases.

1.10.2.1 The I93M mutation of UCHLI1 in PD

In 1998, an 193M missense mutation in UCHL1 was identified in two siblings in a
German family with early-onset familial PD (Leroy ef al., 1998). The mutation in one
chromosome was sufficient to cause the disease. Both patients displayed typical PD
symptoms, which began with resting tremor at age 49 and 51, and progressed to
rigidity, bradykinesia and postural instability (Leroy et al., 1998). Combined with
previous discovery that UCHL1 was co-immunostained with Lewy bodies in the
brains of PD patients (Lowe ef al., 1990), UCHL1 became a promising candidate for
PD pathogenesis. Subsequent studies using transgenic mice confirmed the effect of
[93M mutation in PD development. In a transgenic mouse strain expressing human
UCHLI1 93y to the level of approximately 1% of endogenous mouse UCHLI1, less
dopaminergic neurons in the substantia nigra were detected at the age of 20 weeks old.

Moreover, these mice displayed PD-like neuropathologies (Setsuie et al., 2007).

Mounting researches have tried to explain why this single missense mutation leads to
early-onset familial PD. One hypothesis is its loss of hydrolase activity to ~50% of
UCHL1wr (Leroy et al., 1998). However, this notion has been challenged. In

UCHL 1193y transgenic mouse, extra human UCHL 1193y is expressed in addition to
endogenous mouse UCHL 1, which meant that these mice exhibited as much
endogenous UCHL1 hydrolase activity as wildtype mice. Therefore, PD-like
neuropathologies in these mice indicated a gain-of-toxic function of this mutation.
Other hypotheses addressing the toxicity of UCHL 1,93y include its insolubility and its
effect on the aggregation of other proteins. Kabuta ef al. demonstrated that, similar to
carbonyl-modified UCHL1, UCHL 193y contained less a-helix content but more f3-
sheet content, and therefore was prone to form insoluble proteins (Kabuta ef al.,

2008b). The same group also discovered that compared to UCHL1yt, UCHL 1193y

38



General introduction

abnormally interacted with LAMP-2A, the lysosome receptor for chaperone-mediated
autophagy (CMA). The aberrant interaction inhibited CMA and subsequently
increased the protein level of a-synuclein (Kabuta ef al., 2008a). Using a system
biology approach, Proctor ef al. combined mathematical modeling with actual
experiments, and discovered that UCHL 1930 led to protein aggregation even in the
absence of proteasome inhibition (Proctor ef al., 2010). The increased vulnerability by
this mutation, even when cellular stress (eg. proteasome inhibition) was not present,
may account for its toxicity to neurons. Biophysical studies on 193M revealed the
structure basis of its biochemical characteristics. By intrinsic fluorescence and far-UV
CD, UCHL 1193m was shown to have more exposure of hydrophobic surface area,
which may explain its increased insolubility and aberrant interaction with LAMP-2A

(Andersson et al., 2011).

1.10.2.2 The S18Y polymorphism of UCHL1 in PD

A case-control study was conducted in PD patients in order to investigate the
association of PD with the UCHL1 193M mutation. The mutation was not identified in
any of the PD patients or controls. Instead, a common S18Y polymorphism of
UCHLI(Lincoln et al., 1999) was found to have a protective role against PD
(Maraganore et al., 1999). Since the initial report, at least 15 studies have been carried
out to examine the association of the S18Y variant with PD, which reached mixed
positive and negative results (meta-analysized in (Maraganore et al., 2004; Healy et
al., 2006)). The apparently conflicting data may be due to population discrepancy and
the relatively small sample sizes in individual studies. While the association with PD
may appear inconclusive, the frequency of the S18Y variant indeed varies across
geographic regions. The frequency of the Y allele is much higher among people of
Asian descent (~50%) than among European descent (~20%). Further analysis
separated subjects of Asian origin from those of European origin, and confirmed the

reduced risk of PD by the Y allele in both subpopulations (Ragland ef al., 2009).
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Several research groups have been investigating the structural and enzymatic
characteristics of UCHL1ggy. Liu et al. discovered that, apart from the de-
ubiquitination activity, UCHL1 also serves as a ubiquitin ligase and produces o-

synuclein-(ubiquitin), through Lys-63 linkage. Since UCHL 15,3y has comparable

hydrolase activity but lower ligase activity than UCHL1wr, Liu ef al. proposed that the

S18Y variant reduces the risk of PD by decreasing level of a-synuclein-(ubiquitin),,
thus preventing a-synuclein from forming protofibril and from depositing in Lewy
bodies in brains (Liu et al., 2002). Alternatively, Kyrati et al. suggested that the
protective role of S18Y is conferred by its antioxidant function, as it reduces the

generation of reactive oxygen species upon various insults (Kyratzi ef al., 2008).

1.10.2.3 The E7A mutation of UCHL]1 in childhood-onset neurodegeneration

While the I193M mutation and S18Y polymorphism in UCHL1 may cause some
controversies over whether they are truly pathogenic or protective, the recently
identified homozygous missense mutation E7A induced striking phenotype of early-
onset neurodegeneration. Three siblings born of consanguineous parents from a
Turkish family developed progressive optic atrophy at age 5, followed by spasticity,
cerebellar ataxia, peripheral neuropathy and myokymia (Bilguvar et al., 2013). The
genetic abnormality was pinpointed to the E7A mutation in UCHLI using

homozygosity mapping and whole-exome sequencing. The mutation in the ubiquitin

binding region of UCHL1 led to at least sevenfold reduction in its affinity to ubiquitin,

and a near complete loss of its hydrolase activity (Bilguvar et al., 2013). The parents
of the siblings were both heterozygous for the mutation but did not develop any
phenotypes of neurodegeneration, which indicated the redundant expression of

UCHLI1 in the nervous system.
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1.10.2.4 Gad mice, an equivalent of UCHL1 knockout model

In addition to point missense mutations in human beings, spontaneous deletions of
UCHL1 have been discovered in laboratory mouse strains. The loss-of-function
models provide invaluable information for studying the function of UCHL1. Among
them the best-characterized model is the gad mice, whose name was derived from its

prominent phenotype of gracile axonal dystrophy.

As early as in 1984, a few mice in an inbred colony maintained in Nagaya University
in Japan began to exhibit hindlimb paralysis followed by early death at the age of 5 or
6 months old (Yamazaki et al., 1988). The traits were inherited in an autosomal
recessive manner and were pinpointed to a deletion of exon 7 and 8 of the UCHL!
gene. A shorter fragment of UCHL1 cDNA was amplified in gad mice using RT-PCR,
whereas no full-length or truncated UCHL1 protein was detected (Saigoh et al., 1999).
Therefore, the gad mouse is an equivalent of UCHL1 knockout model. Its major
neurological phenotype is the ‘dying back’ axonal dystrophy starting from the axons
in the gracile nucleus all the way to the cell bodies in the dorsal root ganglia
(Mukoyama et al., 1989; Kikuchi et al., 1990). Other degenerative processes are
observed in the spinocerebellar tracts (Kikuchi ez al., 1990) and motor neurons (Miura
et al., 1993). In accordance to the ‘dying back’ style of axonal dystrophy, accumulated
APP and AP were detected in the gracile tract in the same temporal and spatial pattern
(Ichihara et al., 1995). Since APP plays an important role in axonal transport and is a
central molecule in AD pathogenesis, this observation confirmed the axonal
degeneration process and indicated a possible role of UCHLI in AD. Notably, gad
mice displayed impaired memory maintenance in passive avoidance test and impaired
theta-burst stimulation-induced LTP at as early as 6 weeks old, when no visible
atrophy or abnormal A accumulation was detected in the hippocampus or cortex
(Sakurai et al., 2008). This finding suggested that loss of UCHLI1 also affects daily

neuronal activity in addition to axonal degeneration.
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By comparing gad and WT mice, researchers have been looking for proteins that are
regulated by UCHL1. Using 2D gel electrophoresis, Goto et al. identified
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) and 14-3-3 as two most
prominently accumulated proteins in gad mice. Further histochemical analysis
revealed the increase of sulfonated GAPDH and 4-HNE, two markers of oxidative
stress, in the axons of gad mice (Goto et al., 2009), indicating possible involvement of
oxidative stress in axonal degeneration.

Other spontaneous mutations of UCHL! in mouse strains include the UCHL 18/
(nm3419) strains. The nm3419 mutation removes the final 24-bp of exon 6 and the
first 771-bp of intron 6 of UCHL 1, resulting in the complete loss of protein expression
(Walters et al., 2008). The homozygous mice started to display neuromuscular defects
at 4 weeks of age, followed by severe weight loss and premature death (Walters et al.,
2008). The similar phenotypes in the two mouse strains confirmed the indispensible

role of UCHLI1 in neuronal integrity.

1.10.2.5 UCHLI1 and AD

Although mutations in UCHL1 have not yet been identified in familial AD, its
dysregulation has been demonstrated in sporadic AD cases. A correlative study
performed by Choi ef al. showed the downregulation of UCHL1 protein level in
sporadic AD and PD brains. In particular, soluble UCHL1 level was inversely
proportional to the number of neurofibrillary tangles in AD brains (Choi ef al., 2004).
Interestingly, the levels of carbonyl-modified UCHLI1 in AD and PD brains were
significantly higher than those in controls, leaving even less functional UCHL1 (Choi

et al., 2004).

In gad mice, loss of UCHLI led to impaired LTP and memory maintenance in passive
avoidance test at as early as 6 weeks of age (Sakurai et al., 2008), which indicated a

role of UCHLI1 in synaptic plasticity and learning and memory. Inspired by this
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observation, Gong et al. performed rescue experiments of UCHL1 in APP/PS AD
mouse model. They showed that UCH activity was reduced in APP/PS mice compared
to WT mice. Application of UCHL1 protein rescued UCH activity as well as the LTP
impairment in hippocampal slices. Moreover, intraperitoneal injection of UCHLI
TAT-fusion protein improved the retention of contextual learning in fear conditioning

test in APP/PS mice (Gong ef al., 2000).

It is intriguing that single injection of UCHL1 protein could acutely affect synaptic
plasticity and improve learning and memory deficits. This function probably is not
closely related to its role in long-term neuronal integrity of the gracile tract. As AD-
associated proteins including APP, BACE1 and components of y-secretase complex
can all at least partly be degraded through ubiquitination signaling, we proposed that
UCHLI1 is able to affect AD pathogenesis by regulating the degradation of those AD-
associated proteins. This effect, if true, may explain the observations made by Gong et

al., and indicate a disease-modifying strategy in AD therapeutics.

1.11 Rationale of this study

Pathogenic mutations in UCHL1 have been identified in a variety of
neurodegenerative diseases, including early-onset familial PD (Leroy et al., 1998),
childhood-onset progressive neurodegeneration (Bilguvar et al., 2013), and gracile
axonal dystrophy (Yamazaki et al., 1988). Although no mutation in UCHLI1 has been
identified in AD, its protein level has been found to be reduced and inversely
proportional to the number of neurofibrillary tangles in AD brains (Choi et al., 2004).
Despite the extensive effort made by the researchers, the molecular mechanisms

underlying the role of UCHL1 in neurodegenerative diseases remain elusive.

Recently, Gong et al. proposed a mechanism by which UCHL1 affects the memory
ability in AD. They demonstrated that overexpression of UCHLI1 in APP/PS double

43



General introduction

transgenic mice promoted the PKA/CREB signaling pathway, restored LTP in the
hippocampus and thereby rescued the learning and memory deficits (Gong et al.,

2006).

We hypothesized from another point of view, that UCHL1 affects AD progression
by regulating APP processing, Ap production and neuronal death. We brought
forward the hypothesis for the following reasons. Firstly, in gad mice, the UCHLI
knockout model, APP and AP accumulated in the gracile tract concomitantly with the
‘dying back’ style of axonal dystrophy (Ichihara et al., 1995). Secondly, many of the
AD-associated proteins, including -secretase BACEI and components of y-secretase
complex could all be degraded via the UPS (Fraser et al., 1998; Qing et al., 2004; He
et al.,2006; He et al., 2007). As a DUB, UCHL1 may regulate the ubiquitination/de-
ubiquitination process and affect the degradation of those AB-producing molecules.
Thirdly, the striking neurodegenerative phenotypes caused by UCHLI loss-of-
function mutations strongly implicate its role in neuronal loss in AD (Yamazaki ef al.,

1988; Bilguvar et al., 2013). Specifically, we proposed:

(1) To examine the transcriptional regulation of UCHL1. Previous findings
suggested that UCHL1 may play an important role in AD pathogenesis. Therefore the
lower expression of UCHL1 in AD brains (Choi et al., 2004) may have pathogenic
significance. Thus we were interested in revealing the underlying mechanism that
leads to UCHL1 expression dysregulation. Specifically we looked into the
transcriptional regulation of UCHLI. If we could identify some transcription factors
that regulate UCHL1 transcription, we would have a better understanding of why
UCHLI level is chronically decreased in AD brains. The results may also indicate the
signaling pathways that contribute to AD pathogenesis through the regulation of
UCHLI. In this chapter, we cloned the 5* promoter region of UCHLI and identified
functional NF-«xB binding site on it. The expression regulation of UCHL1 was

examined at mRNA level and protein level.
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(2) To investigate the role of UCHLI1 in AP production and neuronal death. We
hypothesized that UCHLI affects APP processing, AP production and
neurodegeneration. From our preliminary experiment, we observed the increased
BACEI protein level by UCHL1 inhibition (Figure 3.1B). Therefore we started with
determining the role of UCHL1 in BACEI degradation. We would also explore its
effect on the degradation of other molecules that are crucial for Af production. Since
UCHLI1 is a DUB that regulates ubiquitin signalings, we would focus on its effect on
the ubiquitination and de-ubiquitination of these molecules. In addition to AP plaque
deposition, neuronal loss is a prominent feature of AD pathology. In particular,
apoptosis and activated caspases were detected in AD brains (Su ef al., 1994) and in
cultured neurons treated with AP (Loo et al., 1993). We looked into whether UCHL1
protects against neuronal death, especially that from AB-induced apoptosis. In this
thesis we examined in vitro the effect of UCHL1 on APP processing, A production

and neuronal death by transgene expression and knockdown of UCHLI.

(3) To explore the potential of UCHLI1 as a treatment strategy for AD. If UCHL1
does alter AP production or AB-induced toxicity in vitro, we would explore whether
the hypotheses are applicable in vivo. We would examine the long-term effect of
UCHLI on the development of AD pathology and its potential as a disease-modifying
strategy for AD therapeutics. In this thesis we examined the effect of UCHL1 on AP
production, amyloid plaque formation and learning and memory abilities in AD

mouse models.

The overall goal of this thesis was to investigate the transcriptional regulation of
UCHLI, and the role of UCHL1 in APP processing, AP production and neuronal loss.
Moreover, its effect on AD pathogenesis in vivo and its potential as a treatment

strategy for AD were evaluated.
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Chapter 2

NF-kB signaling inhibits UCHL1 gene expression

2.1 Introduction

UCHLI is one of the most abundant proteins in the brain, accounting for
approximately 1-2% of total soluble brain proteins. It is expressed predominantly in
the central nervous system and neuroendocrine systems (Jackson & Thompson, 1981;
Doran et al., 1983; Wilson et al., 1988). Interestingly, its expression is dysregulated in
sporadic AD and PD brains (Choi ef al., 2004) and in various types of cancers
(eg.(Hibi et al., 1998; Tezel et al., 2000; Yamazaki et al., 2002)). Expression
regulation of UCHLI is worth exploring for a few reasons. Firstly, UCHL1 is highly
expressed in neurons but not in other non-neuronal cells such as glials, indicating an
important role in the nervous system and a cell type-specific expression regulation
mechanism. Secondly, experimental studies have implicated potential causal
relationships between UCHL1 and neurodegenerative diseases as well as cancers.
Therefore, it is important to investigate why UCHL1 is dysregulated in these diseases

for the better design of therapeutic interventions.

Researches have revealed a few strategies by which the transcriptional expression of
UCHLI is regulated. For example, a 59-bp fragment on the UCHLI promoter region
was identified as a bi-directional regulator, which activates UCHLI transcription in
human neuroblastoma SH-SYSY cells and represses it in Hela cells (Trowern & Mann,
1999). Further studies discovered a 20-bp functional NRSE within this region, to
which REST/NRSF binds and represses UCHL1 transcription in non-neuronal cells
(Barrachina et al., 2007). The studies provided a mechanism for the inhibition of
UCHLI1 expression in non-neuronal cells. UCHLI1 transcriptional expression is also
regulated by the B-catenin/TCF complex. Two TCF4 binding sites were identified on

UCHL 1 promoter, to which B-catenin/TCF binds and increases the promoter activity
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of UCHL1 (Bheda et al., 2009). The study suggested a role of the oncogenic B-
catenin/TCF pathway in the elevated UCHLI1 expression in cancerous tissues. To date,
however, no reports have indicated potential mechanisms that lead to UCHL1
dysregulation in neurodegenerative diseases. Here we proposed to study the

transcriptional regulation of UCHL1 and look for answers to this question.

In this chapter, we cloned and analyzed the UCHL! gene promoter region. We
identified a functional NF-kB binding site within the promoter region. NF-xB
signaling was found to down-regulate UCHL1 expression and to mediate the
inhibitory effect of lipopolysaccharide (LPS) and tumor necrosis factor-a (TNFa) on
UCHL1 expression. Our study suggested that chronic inflammation in AD brains

might compromise neuronal functions via the interaction of NF-xkB and UCHLI.

2.2 Methods

2.2.1 Primers and plasmids

The 5’-flanking regions of the human UCHLI gene were amplified by PCR from
human BAC DNA clone RP11-397A2 (BACPAC Resources Center, CHORI).
Primers were designed to include restriction enzyme sites so that PCR products could
be easily cloned into the multi-cloning sites of pGL3-Basic (Promega, Madison, WI,
USA). Ten fragments covering the 5’flanking region of the UCHLI gene from -1746
bp upstream to +36 bp downstream of the transcription start site at +1 (guanine) were
amplified by PCR and inserted in front of the luciferase reporter gene (Luc) in the
pGL3-basic expression vector. To construct the longest promoter plasmid pUCHLI1-A,
the primers -1746fXhol (5’-ccgctcgaggagegagactcegtctcaaaac) and +36rNcol (5°-
catgccatgggcgcccggeagaaatagectaggg) were used. This fragment was cloned into
pGL3-Basic at the Xhol and Ncol sites. To construct pUCHL1-D, pUCHL1-A was
cut with Xhol and Ncol. The fragment from the Xho I site on the insert (—336 bp) to
the vector Ncol site was cloned into pGL3-Basic. To construct plasmids pUCHL1-B,
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pUCHLI1-C, pUCHLI-E, pUCHLI1-F, pUCHLI1-G and pUCHL1-H, the following
pairs of primers were used: -1746fXhol and -746rHindIlII (5°-gtatgattttgagcgagaggctg);
-751fHindIII (5°-ccttggttgccattecctttettc) and +36rNcol;-210fXhol (5°-
caactcgagacaaccaccagattatct) and +36rNcol; -129fXhol (5°-
caactcgagggttcgtacccatetgg) and +36rNcol; -129fXhol and -18rHindIII (5°-
cacaagcttaggctgcagctataaage); -93fXhol (5°- caactcgagectegcttggttetgee) and
+36rNcol. A plasmid with the UCHLI promoter fragment from —129 bp to +36 bp in
the reverse direction was constructed to generate pUCHL 1-Fr with primers +36fXhol
(5’-caactcgaggcgeccggeagaaatage) and -129rNcol(5°-catgecatggggttcgtacccatetgge).
To generate pUCHL1-I, pUCHL1-A was cut with Nhe I and Ncol. The fragment from
the Nhe I site on the insert (-7 bp) to the vector Ncol site was cloned into pGL3-Basic
at the Nhel and Nco I sites. The human UCHL1 promoter region and all inserts of
constructed plasmids were sequenced by an automatic fluorescence-based DNA
Sequencer (ABI PRISM DNA analyzer; Applied Biosystems). Computer-aided
sequence analysis was performed with the SeqMan software (DNASTAR, Inc.).

2.2.2  Cell culture and transfection

HEK?293, N2a cells, and SH-SYS5Y cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1
mmol/L of sodium pyruvate, 2 mmol/L of L-glutamine and 1%
penicillin/streptomycin (Invitrogen). RelA knockout (RelA-KO) fibroblast cell line,
derived from E12.5-E14.5 mouse embryo fibroblasts, was cultured in DMEM
supplemented with 15% FBS, B-mercaptoethanol, and ESGRO® (LIF) (Chemicon
ESG1106) (Gapuzan et al., 2005). All cells were cultured in a 37°C incubator
regulated at 5% CO,. Cells were plated and cultured to approximately 50% confluence
before transfection. Cells were transfected using calcium phosphate or Lipofectamine

2000 as per manufacturer’s instructions.
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2.2.3 Luciferase assay

N2a cells, RelA-KO cells or the wildtype control MEFs were plated onto 24-well
plates 24 h prior to transfection. Cells were transfected with 0.5 pg of DNA per well
using Lipofectamine 2000 system. The pCMV-Luc plasmid of 1 ng was co-
transfected to normalize the transfection efficiency of various luciferase reporter
constructs. Forty eight hours after transfection, cells were harvested and lysed with
100 pL 1X passive lysis buffer (Promega) per well. Firefly luciferase activities and
Renilla luciferase activities were measured using the dual-luciferase reporter assay
system (Promega). The firefly luciferase activity was normalized to the Renilla
luciferase activity and expressed as relative luciferase units to reflect the promoter

activity.

2.2.4 Rapid amplification of 5' complementary DNA ends assay

5'-RACE-PCR was performed to determine the transcription initiation site of UCHLI.
Total RNA was extracted from SH-SYSY cells with TRI reagent following the
manufacturer’s protocol (Sigma). Two reverse primers, 5’-ggaattctctccgggtageggtgea
and 5’-ggaattccgcccggeagaaatagecta, corresponding to bp +90 to +110 and to bp +17
to + 36 of the 5° untranslated region, were synthesized. The 5'-RACE-PCR was

carried out according to the FirstChoice®RLM-RACE Instruction Manual.

2.2.5 Gel shift assay

Gel shift assay was performed as previously described (Christensen et al., 2004). To
make NF-kB-enriched nuclear extract, HEK293 cells were transfected with p65
expression vector and lysed in hypotonic buffer for subcellular fractionation. Probe
oligonucleotides were labeled with IR700 Dye (LI-COR Biosciences) and annealed to
generate double-stranded probes at a final concentration of 0.1 pmol/uL. For
competition studies, nuclear extract was incubated with 0.1 pmol/uL labeled probes

and 10x or 100x of unlabelled competition oligonucleotides for 20 min at room
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temperature. For the super-shift assay, mouse anti-NF-kB p65 monoclonal antibody
(Sigma) was added to the gel shift reaction. The sequences of the oligonucleotides
were: consensus NF-kB: 5’-agttgaggggactttcccagge; mutant NF-xB: 5°-
agttgaggccactttcccagge; UCHL1-NF-kB-Wt: 5’-ctcaaggaacacccaccaac. The samples
were analyzed on a 4% non-denaturing polyacrylamide gel and the gel was scanned

using the Odyssey scanner (LI-COR Biosciences) at a wavelength of 700nm.

2.2.6 LPS and TNFa treatment

LPS (MILLIPORE) and TNFa (UPSTATE) were reconstituted in sterile water. For
luciferase assay, N2a cells were co-transfected with pUCHL1-D/pUCHL1-E and
pCMV-Luc. Twenty four hours after transfection, cells were treated with LPS at 30
ng/ml and TNFa at 10 ng/ml for 24 h. Cell lysates were analyzed for luciferase
activity. For immunoblotting and semi-RT-PCR, N2a and SH-SYS5Y cells were
exposed to LPS at 30 ng/ml and TNFa at 10 ng/ml for 24 h and then lysed for protein
and RNA extraction.

2.2.7 Semi-quantitative RT-PCR

Total RNA was extracted from cells using TRI reagent (Sigma). ThermoScript reverse
transcriptase (Invitrogen) was used to synthesize the first-strand cDNA from an equal
amount of the RNA sample according to the manufacturer's instructions. The
synthesized cDNA templates were further amplified by Platinum 7ag DNA
polymerase (Invitrogen) in a 20 pl reaction volume. Thirty to 40 cycles of PCR were
performed to cover the linear range of the PCR amplification. The UCHLI gene-
specific primers 5'- agcgtgagcaaggagaagtc and 5'- gegtgtctgcagaacagaag were used to
amplify a 290-bp fragment of the UCHLI gene coding region. f-actin mRNA level
served as internal control. Gene-specific primers 5'-ggacttcgagcaagagatgg and 5'-
gaagcatttgcggtggag were applied to amplify a 462-bp fragment of the f-actin gene.
The products were run on a 1% agarose gel. Gel images were captured using the

GelDoc-It™ imaging System and quantified with the Kodak Image Analysis.
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2.2.8 Immunoblot analysis

Cells were lysed with RIPA buffer containing: 50 mM Tris-HCI (pH 7.2), 150 mM
NaCl, 1% deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulphate and
protease inhibitor cocktail Complete (Roche Molecular Biochemicals). Cell lysates
were briefly sonicated and centrifuged at 14,000 rpm for 10 min. For western blot
analysis, samples were diluted in 4X SDS-sample buffer and loaded onto 12% tris-
glycine or 16% Tris-Tricine SDS-PAGE and transferred to polyvindylidine fluoride
(PVDF-FL) membranes. Membranes were blocked for 1 h in phosphate-buffered
saline (PBS) containing 5% non-fat dried milk followed by overnight incubation at 4°C
in primary antibodies diluted in the blocking medium. UCHL1 was detected using the
anti-UCHL1 antibody BH7 (Novus Biologicals) (1:10 000). B-actin was detected
using monoclonal antibody AC-15 (Sigma) (1:20 000). The membranes were rinsed in
PBS with 0.1% Tween-20 and incubated with IRDye 800CW-labelled goat anti-
mouse or IRDye 680CW-labelled goat anti-rabbit antibodies in PBS with 0.1%
Tween-20 at 22°C for 1 h, and visualized on the Odyssey system (LI-COR

Biosciences).

2.2.9 Statistical analysis

All results were presented as mean + SEM and analyzed by 2-tailed Student’s #-test,
one-way ANOVA or two-way ANOVA. Statistical significance is accepted when
p<0.05 (*p<0.05, **p<0.01, ***p<0.001).
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2.3 Results

2.3.1 Characterization of the human UCHL1 gene promoter and its
transcription start site

The human UCHLI gene contains nine exons spanning 11 519 bp on chromosome 4
(4p14). It encodes a 24.824-kDa protein of 223 amino acids (Figure 2.1A). To study
the transcriptional regulation of the human UCHLI gene expression, the 5’ flanking
region of the human UCHLI gene was cloned from human BAC genomic DNA clone
RP11-397A2 (CHORI). The region spanning 1782 bp was sequenced (Figure 2.1B).
5'-RACE-PCR was performed to identify the transcription start site of the human
UCHLI gene. Two reverse primers, an outer primer located from +90 bp to +110 bp
and an inner primer from +17 bp to +36 bp downstream of the translation start site
ATG, were used for 5'-RACE assay. The RACE-PCR assay yielded a 90 bp DNA
product (Figure 2.1C). DNA sequencing indicated that the major transcription start
site was located at 45 bp upstream of the translation start site ATG (Figure 2.1D). This
transcription initiation site was designated as +1 for the subsequent experiments.
Sequence analysis showed that the human UCHL1 gene has a complex transcriptional
unit. Computational analysis of the promoter region using Matlnspector2.2 software
(Genomatrix) revealed that the 5’ flanking region contains several putative regulatory
elements, such as NF-kB, GATA, NFAT, CREB, NRSF, YY1, AP1, and STAT
(Figure 2.1B).
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Figure 2.1 Sequence features of the human UCHL1 gene promoter

Y

Gtttttegte ttccctagge tatttetgee gggegetceg cgaagATG
NRSF

(A) The genomic organization of human UCHLI gene on chromosome 4. E represents exons.
UCHL] gene consists of 9 exons. (B) The nucleotide sequence of the human UCHL! gene
promoter. A 1782 bp fragment of the 5' flanking region of the human UCHLI gene was cloned
from the human BAC genomic DNA by the primer walking strategy. The guanine +1 represents
the transcription start site. The putative transcription factor binding sites are underlined in bold
face. (C) The 90-bp product from 5’-RACE-PCR assay. (D) The 90-bp 5'RACE product was
sequenced. The arrow points to the 5’ end of the 5’RACE product, which corresponds to the
transcription start site.

2.3.2 Functional analysis of the human UCHL1 gene promoter

To investigate the transcriptional regulation of the human UCHLI gene, a series of
nested deletions of the 5’ flanking fragments were subcloned into a promoterless
luciferase reporter plasmid pGL3-basic. Expression of luciferase relies on the
insertion and proper orientation of a functional promoter upstream of the luciferase

gene. The pGL3-basic vector, which lacks eukaryotic promoter and enhancer
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sequences, has little luciferase expression. Ten fragments covering different lengths
from —1746 to +36 bp of the 5’ flanking region of the human UCHLI gene were
amplified by PCR and subcloned into pGL3-Basic vector according to restriction
enzyme cutting sites as described in Section 2.1.1 (Figure 2.2A). The constructs were

verified by gel analysis and sequencing (Figure 2.2B).
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Figure 2.2 Deletion analysis of the human UCHL1 gene promoter

(A) Schematic diagram of a series of the human UCHLI deletion promoter constructs in pGL3-
basic vector. Arrows show the direction of transcription. The numbers represent the end points of
the human UCHL] inserts relative to the TSS site. (B) The deletion plasmids were confirmed by
restriction enzyme digestion. The vector size is 4.8 kb. UCHL I promoter fragment sizes range
from 0.043 to 1.78 kb. The sequences of the inserts were further confirmed by sequencing. (C)
The plasmid constructs were co-transfected with pPCMV-Luc into N2a cells. Forty eight hours after
transfection, the cells were harvested and luciferase activity was measured and expressed in
relative luciferase units (RLU). The pCMV-Luc luciferase activity was used to normalize the
transfection efficiency. The values represent means £ SEM. N = 3, **p < (.01, *p < 0.05, by one-
way ANOVA with the post hoc Newman—Keuls test. Asterisks on individual columns stand for
comparisons between that column and the control V column.
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To investigate whether the 5’ flanking region contains the promoter of the human
UCHLI gene, the deletion plasmids were co-transfected into N2a cells along with
plasmid pCMV-Luc, which served as an internal transfection control. Plasmid pGL3-
basic served as negative control (Figure 2.2C). Plasmid pUCHL1-A contained a 1.78-
kb segment of the 5" flanking from —1746 to +36 of the UCHL! gene upstream of the
luciferase reporter gene. Luciferase assay indicated that pUCHL1-A had significant
promoter activities, which was valued 90.4 = 2.1 relative luciferase unit (RLU)
relative to pGL3-Basic (p < 0.01). The data indicated that the 1.78 kb fragment

contained the functional promoter region of the human UCHLI gene.

Among all the deletion fragments, it was notable from the data that deletion from
—336 bp to —210 bp resulted in a significant increase of promoter activity from

57.8 £ 0.3 RLU in pUCHL1-D (-336bp to +36bp) to 224.7 + 9.6 RLU in pUCHL1-E
(-210bp to +36bp) (p < 0.01), suggesting that this 126 bp fragment negatively affected
the human UCHLI promoter activity. Moreover, deletion of the promoter region
spanning -210 bp to -129 bp resulted in a significant decrease in promoter activities
(24.6 = 0.8 RLU in pUCHLI1-F compared to 224.7 £ 9.6 RLU in pUCHL1-E, p<0.01).
This indicated that there are potential positive-regulatory cis-acting elements in this

region.

2.3.3 Identification of a functional NF-kB binding site on the

human UCHL1 gene promoter

The search for transcriptional factor binding sites revealed that the 1790 bp 5’ flanking
region of the human UCHLI gene contained one putative NF-kB binding site at
around —235 bp (Figure 2.1B). To determine whether the element is a functional NF-
kB binding site, gel shifting assay (GSA) was carried out. UCHL1-NF-«kB, a 20-bp
double-stranded oligonucleotide probe corresponding to the UCHLI promoter region
—243 to —224 bp, was synthesized and end labeled for GSA. A shifted protein-DNA
complex band was observed after incubating the UCHL1-NF-«xB probe with HEK293
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nuclear extract (Figure 2.3, lane 2).The intensity of this retarded band was reduced by
adding 10x and 100x unlabeled NF-kB consensus competition oligonucleotides
(Figure 2.3, lanes 3 and 4). Consistently, the addition of the 10x and 100x unlabeled
UCHLI1-NF-kB homologous probe also markedly decreased the signal of the shifted
band (Figure 2.3, lanes 7 and 8). As expected, excessive mutant NF-xB
oligonucleotides with the binding site mutations had no competitive effect on the

UCHL1-NF-«B shifted band (Figure 2.3, lanes 5 and 6).
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Figure 2.3 Identification of NF-kB binding element in the UCHL1 gene promoter by gel
shifting assay

GSA was performed as described in Methods. In lane 1 only free probe was detected. Lane 2 was
a shifted DNA-protein complex formed between labeled UCHL1-NF-xB with nuclear extracts.
Competition assays were carried out by further applying different concentrations of unlabeled
competition oligonucleotides, including consensus NF-kB (lanes 3 and 4), mutant consensus NF-

kB (lanes 5 and 6), and homologous UCHL1-NF-kB (lanes 7 and 8). Lane 9 showed supershifted
band with the anti-NF-«kB antibody. The supershifted bands were eliminated by further addition of

unlabeled competition NF-kB consensus oligonucleotides (lane 10).
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A supershift analysis was conducted to further confirm the binding of NF-kB element
to the UCHL1-NF-«kB probe. A super-shift band was detected after the incubation of
the anti-NF-kB antibody with UCHL1-NF-«B probe and nuclear extracts (Figure 2.3,
lane 9). The supershifted band was competed away by further addition of a 100x
unlabeled NF-kB consensus oligonucleotides (Figure 2.3, lane 10). Taken together,
the results clearly demonstrated that the human UCHLI promoter contained functional

NF-«kB binding site in the region of —243 to —224 bp.

2.3.4 NF-kB down-regulates the human UCHL1 gene promoter activity and
inhibits UCHL1 expression

To determine whether NF-«xB affects UCHLI gene transcription, NF-kB p65
expression plasmid or empty vector was co-transfected with pUCHL1-D into N2a
cells. Overexpression of p65 markedly reduced UCHL I promoter luciferase activity to
4.8 £ 0.3% compared to controls (p < 0.01) (Figure 2.4A). To further examine
whether NF-«xB affects the endogenous gene expression, semi-quantitative RT-PCR
was conducted. Expression of NF-kB p65 significantly reduced the endogenous
mRNA level of the UCHLI gene to 59.1 = 2.1% in N2a cells (p < 0.01) (Figure 2.4B
and C), and to 52.5 = 1.9% in SH-SYSY cells (p <0.01) (Figure 2.4D and E)
compared to controls. Consistently, western blot analysis confirmed the decrease in
UCHLI1 expression following NF-kB p65 overexpression. The protein levels of
UCHLI in N2a (Figure 2.4F and G) and SH-SYS5Y (Figure 2.4H and I) cells were
reduced by NF-kB p65 expression to 49.0 +4.0% and 29.9 + 3.2% (p < 0.01),
respectively. Taken together, the data demonstrated that NF-xB inhibited

UCHL] gene expression via its transcriptional regulatory effect on the UCHLI gene

promoter.

57



NF-kB signaling inhibits UCHL1 gene expression

:\? DOVector C D \ E
A;100 WNF-«B \"o =100 & , _100

= é 2 o é 9

=75 S5 9 s

T z UCHL1 £ 75

< 5 UCHL1 & z *

g E £ 50

0 25 - -

: 3 sen 3 2

= 0 o (5]

® ~ PpUCHL1-D > OControINF«<B ~ SH-SYSY 50

Control NF-xB
>

G I
100 H 2 100
X oy ‘\Q S
£ 75 ; 75
T #== & UCHL1 &

9 50 : e S 50
o o

- R . - 25
2 25 - B—Actin g

3] 0
S OControlNFxB  °H-SYSY 5 "Control NF-xB

Figure 2.4 NF-kB inhibits UCHL1 transcriptional activation

(A) Repressed transcriptional activation of the UCHL I promoter by NF-kB. The UCHLI
promoter plasmid pUCHL1-D containing the NF-kB binding site was co-transfected with NF-xB
expression plasmid pNF-kB p65 into N2a cells. Expression of p65 markedly decreased the
pUCHL1-D promoter activity. The values represent means = SEM. N= 3, *p < 0.01 by Student’s ¢-
test. (B-E) Decrease of endogenous UCHL1 mRNA levels in N2a cells (B) and SH-SYS5Y cells (D)
with transfected pNF-«B p65. The mRNA levels of UCHL1 were determined by semi-quantitative
RT-PCR and normalized against the levels of B-actin. (C)(E) Quantification of UCHL1 mRNA
level by Kodak Image Analysis in N2a (C) and SH-SYSY cells (E). Data are presented as
mean = SEM. N =3, *p <0.01 by Student’s ¢-test. (F)(H) Transfection of pNF-«B p65 in N2a (F)
and SH-SYS5Y cells (H) resulted in reduction in UCHL1 protein expression. Cell lysates were
analyzed by western blotting using mouse anti-UCHL1 monoclonal antibody and p-actin was used
to control for protein loading. (G)(I) Quantification of UCHLI protein levels in N2a (F) and SH-
SYSY cells (H) by Li-COR Imager. Data are presented as mean + SEM. N =3, *p < 0.01 by
Student’s #-test.

2.3.5 UCHL1 gene transcription is up-regulated in RelA-KO cells

To further confirm the suppression of UCHL1 gene expression by NF-«xB, UCHLI
promoter activity was examined in RelA-KO fibroblasts derived from the embryos of
NF-kB p65 knockout mice. pUCHL1-D was transfected into RelA-KO and wildtype
controls. There was significant increase of luciferase activity in RelA-KO cells
(239.4 + 11.1%, p < 0.01) compared to control (Figure 2.5A), which confirmed the
inhibitory effects by NF-kB on UCHL1 transcriptional activation. We further
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examined the endogenous mRNA level by semi-quantitative RT-PCR. UCHL1

mRNA level was increased by 346.3 + 5.8% in RelA-KO cells relative to WT

(p <0.01) (Figure 2.5B and C). Consistent with the elevation of UCHL1 mRNA,
western blot analysis showed that the UCHL1 protein level increased by 616.0 + 51.4%
fold in RelA-KO cells compared to WT (p < 0.01) (Figure 2.5D and E). The results
further demonstrated that NF-xB negatively regulated the transcription of the

human UCHLI gene.
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Figure 2.5 UCHLJ1 gene transcription is markedly increased in RelA-KO cells

(A) The human UCHL! promoter activity was significantly increased in RelA-KO cells. RelA-
KO and wildtype MEFs were transfected with pUCHL1-D. Values represent the percentages of
normalized luciferase activity in the mean £ SEM. N =3 and *p < 0.01 by Student’s ¢-test. (B)
Endogenous UCHL1 mRNA level in RelA-KO and wildtype MEFs. Total RNA was isolated from
RelA-KO and wildtype cells. Semi-quantitative RT-PCR was conducted to measure the
endogenous level of the UCHL1 mRNA. (C) The ratio of UCHLI1 to B-actin mRNA level was
quantified by Kodak Image Analysis. The endogenous UCHL1 mRNA level was markedly
increased in RelA-KO cells relative to control cells. Values represent mean + SEM. N = 3,

*p <0.01 by Student’s ¢-test. (D) Immunoblot of endogenous UCHLI1 in RelA-KO and control
cells. UCHL1 protein band was detected by mouse anti-UCHL1 monoclonal antibody. (E)
Quantification of (D) by Li-COR Imager. The endogenous UCHLI1 protein level was significantly
elevated in RelA-KO compared to control cells. Data are presented as mean + SEM. N = 3,

*p <0.01 by Student’s ¢-test.
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2.3.6 LPS and TNFa inhibits UCHL1 gene expression

NF-«B signaling plays an important role in gene regulation. LPS and TNFa are strong
activators of NF-kB signaling pathway in inflammation. To investigate whether the
NF-«kB binding element in UCHL promoter mediates the inflammatory effect on
UCHLI expression, we investigated the effect of LPS and TNFa on UCHL I promoter
activity. N2a cells transfected with pUCHL1-D or pUCHL1-E were treated with LPS
at 30 ng/mL or TNFa at 10 ng/mL for 24 h. Stimulation of LPS and TNFa led to a
significant inhibition of UCHLI promoter activity (57.3 £ 0.9% and 54.9 + 1.1%,
respectively) in cells transfected with pUCHLI1-D (p < 0.01) (Figure 2.6A, left). On
the contrary, LPS and TNFa treatment had no effect on the promoter activity of
pUCHLI-E, in which NF-kB response element had been deleted (Figure 2.6A, right).
The data indicated that the NF-kB response element mediated the inhibitory effect of
LPS and TNFa on human UCHL I promoter activity.

Next semi-quantitative RT-PCR and western blot analysis were carried out to detect
the endogenous UCHL1 mRNA and protein levels. N2a and SH-SYSY cells were
treated with LPS (30 ng/mL) or TNFa (10 ng/mL) for 24 h before RNA and protein
extractions. J-actin expression served as protein loading control. Stimulation with
LPS and TNFa resulted in marked decrease in endogenous UCHL1 mRNA level in
N2a (77.8 £2.3% and 73.2 + 1.5%, respectively, p < 0.01) (Figure 2.6B and C), and
in SH-SYS5Y cells (42.9 = 1.3% and 32.4 + 2.3%, respectively, p < 0.01) (Figure 2.6D
and E). Consistently, UCHLI1 protein levels were also significantly reduced by LPS to
44.9 + 0.6%, and by TNFa to 33.7 = 1.5% in N2a cells (p < 0.01) (Figure 2.6F and G),
and 42.0 + 2.9% and 21.9 £ 4.7% in SH-SYS5Y cells (p < 0.01) (Figure 2.6H and I),
respectively. The data suggested that activation of NF-kB signaling by LPS and TNFa

negatively regulated UCHLI gene transcription and expression.
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Figure 2.6 Repression of UCHL1 transcription in response to LPS and TNFa

(A) Inhibition of human UCHLI promoter activity by LPS and TNFa. pUCHL1-D/pUCHLI1-E
and pCMV-Luc were co-transfected into N2a cells. Cells were then stimulated by LPS at

30 ng/mL, TNFa at 10 ng/mL, or vehicle solution for 24 h. Luciferase activities were determined
by dual luciferase assay. pPCMV-Luc luciferase activity was used for transfection efficiency
normalization. The values represent mean = SEM. N = 3, *p < 0.01 by two-way ANOVA with
post hoc Bonferroni test. (B) N2a and (D) SH-SYS5Y cells were exposed to LPS at 30 ng/mL or
TNFa at 10 ng/mL for 24 h. Total RNA was extracted. The mRNA levels of UCHL1 were
determined by semi-quantitative RT-PCR and normalized against the levels of B-actin.
Quantification of UCHL1 mRNA Ievels in N2a (C) and SH-SYS5Y cells (E) by Kodak Image
Analysis. Data are presented as mean = SEM. n =3, *p < 0.01 by one-way ANOVA with the post
hoc Newman—Keuls test. (F)(H) Lysates from LPS- or TNFa-treated N2a (F) and SH-SYS5Y (H)
cells were analyzed by immunoblotting with mouse anti-UCHL1 monoclonal antibody. (G)(I)
Quantification of UCHLI protein levels in N2a (G) and SH-SY5Y (I) cells by Li-COR Imager.
The values represent mean £ SEM. N =3, *p < 0.01 by one-way ANOVA with the post
hoc Newman—Keuls test.
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2.4 Discussion

UCHLI1 is highly expressed in neurons and is essential for maintaining neuronal
integrity. Complete loss of UCHL1 leads to progressive neurodegeneration at very
early stage of life, for example, starting at 5 years of age in humans with its E7A
missense mutation (Bilguvar et al., 2013) and at 12 weeks of age in UCHL I knockout
mice (Yamazaki et al., 1988) followed by premature death before AD or PD has a
chance to develop. Partial loss of UCHLI1, on the other hand, does not cause
prominent phenotypes in people with heterozygous E7A mutant (Bilguvar et al.,
2013). In other words, they may survive to the late stage of life when AD or PD starts
to develop. Notably, UCHL1 expression was indeed partially reduced in sporadic AD
and PD brains (Choi ef al., 2004). Moreover, rescue experiments have shown restored
spine density (Smith ef al., 2009) and improved learning and memory deficits by
UCHLI1 in AD mouse models (Gong et al., 2006). These findings strongly suggested
that reduced UCHLI1 level in the brain may play a role in the development of AD and
PD. However, the mechanisms leading to the reduced UCHL1 expression in AD and
PD brains remain unknown. To study the regulation of UCHLI gene expression, we
cloned and characterized the human UCHLI gene promoter. A functional NF-kB
binding site was identified in the promoter region at around —235 bp. Moreover, NF-
kB physically bound to this region and suppressed UCHLI gene transcription.
Inflammatory stimulators, LPS and TNFa, also inhibited UCHL1 expression, further

confirming the role of NF-«B signaling and inflammation in UCHL gene regulation.

It should be noted that previous reports have revealed some forms of regulation on
UCHLI promoter activity. A REST/NRSF binding site was identified on UCHL 1
promoter (Barrachina et al., 2007), which may be one of the mechanisms for the
inhibition of UCHL1 expression in non-neuronal cells. Besides, the B-catenin/TCF
complex has been identified to bind to two TCF4 binding sites on UCHL I promoter
and activate its transcription (Bheda et al., 2009), suggesting a mechanism for

elevated UCHL1 expression in cancerous tissues via the oncogenic -catenin/TCF

62



NF-kB signaling inhibits UCHL1 gene expression

pathway. So far, however, no studies have focused on UCHL1 expression alteration in
neurodegenerative diseases. Our study highlighted NF-kB, an important molecule
involved in inflammation, in UCHLI1 transcriptional regulation. Interestingly, NF-kB
is upregulated in AD brains (Wyss-Coray, 2006; Chen et al., 2011). The increased
NF-«kB activity may account for the concomitantly decreased UCHL1 expression in

AD.

There is accumulating evidence indicating an important role of inflammation in the
pathogenesis of neurodegenerative diseases including AD and PD (Rogers, 2008).
While immune responses such as phagocytosis of damaged cells may be beneficial to
the brain, it is believed that chronic inflammation induces detrimental changes in the
brain. Abnormal expression of inflammatory cytokines and other proteins, including
NF-«kB, was detected in AD brains (Akiyama et al., 2000; Wyss-Coray, 2006). Thus,
NF-«B may be an underlying link between inflammation and AD. Indeed, our lab has
discovered that NF-xB p65 level is significantly increased in AD brains. Moreover,
increased NF-«xB signaling promotes BACE1 expression and AP production (Chen et
al.,2011). Ly et al. confirmed the BACE] transcriptional activation by NF-kB and
further identified GSK3 as one of the upstream regulators of this NF-xB pathway
(Ly et al., 2013). Conversely, AP activates NF-kB signaling, probably via RAGE, the
cell surface receptor of AP (Arancio et al., 2004). Therefore NF-kB and AP form a

positive feedback loop and potentiate the activities of each other.

Here we revealed another pathway by which NF-kB may affect AD pathogenesis. NF-
kB signaling may down-regulate UCHL1 expression, which results in endangered
neuronal survival. It is noteworthy that UCHL1 conversely regulates NF-«kB activity.
UCHLI attenuates NF-xB activity by de-ubiquitinating and stabilizing IkB-a (Takami
et al., 2007), an inhibitor of NF-xB. Thus, NF-kB and UCHL1 forms a vicious cycle,
in which abnormal activation of NF-kB, such as in chronic neuroinflammation, leads

to reduced UCHL1 expression, which in turn disinhibits NF-xB activity. The ultimate
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outcome is that disturbance of NF-kB may trigger the continuous decrease of UCHLI
expression and increase of NF-«xB activity, which push the system away from

equilibrium.

The work in this chapter and previous findings by our lab demonstrate two possible
pathways by which NF-kB signaling affects AD. Abnormal increase of NF-kB
signaling may (1) facilitate AP production by promoting BACE]1 cleavage of APP,
and (2) do harm to neuronal integrity by inhibiting UCHL1 gene expression.
Interestingly, BACEI] is partly degraded by the UPS following ubiquitination, the
process in which UCHL1 may be involved as a DUB. We were eager to find out
whether UCHL1 regulates the degradation of BACEI, and that was part of our work
in chapter 3.

2.5 Conclusion

In conclusion, we demonstrated that UCHL gene transcription was regulated by NF-
kB signaling. In particular, we identified a functional NF-«xB response element on the
5" flanking region of the human UCHLI gene. Expression of NF-kB suppressed
UCHLI gene transcription. Accordingly, activation of NF-«xB signaling by the
inflammatory stimulator LPS and TNFa resulted in decreased UCHL1 mRNA and
protein levels. Future studies will reveal the consequence of the interaction between

NF-kB and UCHL1 in AD pathogenesis.
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Chapter 3

The role of UCHLI1 in AP production and neuronal
death

3.1 Introduction

The UPS and autophagy lysosomal pathway are two important pathways by which
intracellular proteins are degraded. Proteasomal degradation requires Lys-48-linked
polyubiquitination. Autophagy-lysosomal degradation may also require ubiquitin
signaling, especially when the proteasome is dysfunctional (Kraft ez al., 2010). Our
lab and others have discovered that many AD-associated proteins, including BACE1
and various subunits of the y-secretase complex, could be degraded by the UPS
(Fraser et al., 1998; Qing et al., 2004; He et al., 2006; He et al., 2007). Furthermore,
lysosomal degradation of BACE]1 can be facilitated by the mono-ubiquitination or
Lys-63-linked polyubiquitination at its C-terminal Lys501 (Kang et al., 2010). Full-
length APP, the precursor of AP, can also be ubiquitinated and directed to the
proteasome for degradation (Kaneko et al., 2010), although it is mainly degraded by
the autophagy lysosomal pathway. These findings suggested that ubiquitin signaling is
important for APP processing and AP production.

DUBEs cleave ubiquitin after its terminal carbonyl Gly-76, and serve a variety of
functions, including processing ubiquitin precursors, reversing degradative and non-
degradative ubiquitin signalings and recycling free ubiquitins. UCHL1 belongs to the
UCH family of DUB. It has been shown to effectively hydrolyze amino acids from
ubiquitin and cleave di-ubiquitins (Larsen et al., 1998). It may also serve as a
ubiquitin ligase at concentrations higher than 1 uM, further adding ubiquitin to
already mono-ubiquitinated proteins (Liu et al., 2002). In addition, it acts as a free
ubiquitin stabilizer, providing ready-to-use ubiquitin for various cellular events

(Osaka et al., 2003). Its multiple enzymatic activities and its abundance in neurons
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indicate its important role in regulating protein degradation and homeostasis in the

nervous system.

Dysfunction of UCHLI1 has been reported in many neurodegenerative diseases. For
example, genetic deletions of UCHLI in mouse strains (Yamazaki et al., 1988;
Walters et al., 2008) led to gracile axonal dystrophy, neuromuscular defects, and
premature death. The missense recessive mutation E7A (Bilguvar et al., 2013)
resulted in childhood-onset progressive neurodegeneration. Furthermore, the 193M
missense mutation was identified in early-onset familial PD cases (Leroy ef al., 1998).
As of AD, UCHLI protein level was reduced in sporadic AD brains and was inversely
proportional to the number of neurofibrillary tangles (Choi et al., 2004). Notably,
overexpression of UCHL1 in the AD model APP/PS double transgenic mice elevated
the otherwise reduced UCH activity in the brain and rescued learning and memory
deficits in these mice (Gong et al., 2006). The authors implied that UCHL1 facilitated
the degradation of PKA regulatory subunit Ila, thereby exerting a positive effect on
the PKA/CREB pathway that is involved with learning and memory (Gong et al.,
2006). We proposed from another point of view that UCHLI1 affects AD progression
by regulating APP processing, AP production, and neuronal death, because (1) in gad
mice, APP and AP were accumulated in the gracile tract together with the ‘dying back’
style of axonal dystrophy (Ichihara et al., 1995), and (2) many of the AD-associated
proteins, including BACE1 and components of y-secretase complex could all be
degraded via the UPS (Fraser et al., 1998; Qing et al., 2004; He et al., 2006; He et al.,
2007). As a DUB, UCHL1 may regulate the ubiquitination/de-ubiquitination process

and affect the degradation of those AB-producing molecules.

Neuronal loss is one of the key pathology features in AD brains. Apoptosis is
associated with AD and may partly be responsible for the neuronal loss in AD in two
aspects. First, apoptosis and activated caspase 3, 8 and 9 are detected in hippocampal

neurons of AD brains (Su et al., 1994; Stadelmann et al., 1999; Rohn et al., 2001;
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Rohn et al., 2002). Second, AP directly induces apoptosis of cultured neurons (Loo et
al., 1993), which may be mediated by caspase 2, 8 or 12 (Ivins et al., 1999; Nakagawa
et al., 2000; Troy et al., 2000).

UCHL1 has been shown to be involved in apoptosis, although its actual role remains
controversial. Some studies suggested that UCHL1 exerts an anti-apoptotic role. For
example, genetic ablation of UCHLI1 increased the cell’s sensitivity to oxygen-glucose
deprivation treatment (Shen et al., 2006). Moreover, pharmacological inhibition of
UCHLI1 and UCHLI1 deficiency in B-cells of patients with type 2 diabetes induced ER
stress, which led to cell apoptosis (Tan et al., 2008; Costes et al., 2011). On the other
hand, UCHL1 has pro-apoptotic properties, as it induced GO/G1 cell cycle arrest and
apoptosis through stabilizing p53 (Xiang et al., 2012) . It also potentiated cancer
chemosensitivity by stabilizing NOXA, a BH3-only pro-apoptotc protein (Brinkmann
et al., 2013). The discrepancy in those reports is probably due to UCHL1’s temporally
and spatially specific functions. We were interested in the role UCHLI plays in

regulating neuronal apoptosis, especially in AB-induced apoptosis.

In this chapter, we examined in vitro the effect of UCHL1 on APP and BACEI
degradation. By the overexpression and inhibition of UCHL1, we showed in multiple
cell lines that UCHL1 facilitated the degradation of both full-length APP and BACEI.
We proposed differential molecular mechanisms for APP and BACEI regulation
based on our further observations. Moreover, we demonstrated that UCHL1 reduced
CTF and AP production in cells. We also examined the role of UCHL1 in neuronal

apoptosis by using various toxin-mediated neurodegenerative cell culture models.
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3.2 Methods

3.2.1 cDNA constructs

Human cDNA library was generated from mRNA extracted from HEK293 cells by
RT-PCR. Human UCHL1 cDNA was amplified using the forward primer 5'-
cgcggatcegecaccatgeagetcaagecgatg and reverse primer 5'-
ccgetegagttaggetgecttgcagagage. The PCR product was cloned into mammalian
expression vector pcDNA4-mycHisA (Invitrogen) at the BamHI and Xhol sites to
generate the mammalian expression plasmid pZ-UCHL1-st. The same forward primer

and another reverse primer 5'-ccgctcgagggcetgecttgecagag were used to clone myc-

tagged UCHL1 plasmid pZ-UCHL1-myc.

To make the adeno-associated virus (AAV) expression plasmid that contained
human UCHLI gene, the pAAV-GFP-cDNAG6 vector was used (from Vector
Biolabs). pAAV-UCHLI1-GFP was generated by cutting the human UCHLI cDNA
sequence from pcDNA4-UCHLI-st and inserting it into pAAV-GFP-cDNAG6 at
BamHI and Xhol sites. The pAAV-GFP-cDNAG6 vector without the inserted
transgene was used as the GFP control plasmid. Separate CMV promoters allowed
the bi-cistronic expression of the inserted transgene and enhanced GFP, resulting in
the expression of UCHL1 and GFP as individual proteins in transduced cells. The
recombinant AAV1-UCHL1-GFP and AAV1-GFP were made by combining
AAV2-based genomic constructs with cap genes derived from AAV serotype 1
(Vector Biolabs).

3.2.2 Cell cultures, transfection and viral infection

HEK?293 cells were cultured in DMEM supplemented with 10% FBS, 1% sodium
pyruvate, 1%L-glutamine and 1% penicillin/streptomycin (Invitrogen). All cells were
maintained at 37°C in an incubator containing 5% CO,. Transient transfections of
plasmids were performed using the calcium phosphate method or Lipofectamine 2000.

To generate the stable cell lines HUCH-st and HUCH-myc, HEK293 cells were
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transfected with pZ-UCHL1-st and pZ-UCHL1-myc respectively, using calcium
phosphate method. To generate the stable cell lines SUCH-st and SUCH-myc,
SHSYSY cells were transfected with pZ-UCHLI1-st and pZ-UCHL1-myc, respectively,
by Lipofectamine 2000 system. The transfected cells were selected using 800 pg/mL
zeocin and positive clones were selected for several generations. Stably transfected
colonies were confirmed by western blotting using anti-UCHL1 antibody and anti-

myc antibody 9E10 and maintained in media containing 50 pug/mL zeocin.

For primary neuron cultures, neocortical tissues were removed from C57BL/6 mice at
embryonic day 16 (E16), and digested with 0.025% trypsin. The cells were suspended
in neurobasal medium supplemented with B27 and plated at a density of 2x10° cells
per 35mm plate coated with PDL, or 2x10° cells per well for 96-well plate. For the
experiment on primary cortical neurons from homozygous gad, heterozygous gad and
WT mice, we treated neurons with 100 uM H,O, for 18 h at DIV14. Fibroblasts from
the embryos were used to isolate genomic DNA for genotyping. For the experiment to
infect primary neurons with AAVs, AAV1-UCHLI1-GFP or AAV1-GFP (10° genomic
copies/neuron) were added to the media at DIV 3. Ten days post-infection, neurons

were treated with 200 nM aged A4, for 18h.

3.2.3 Reagents

DMEM was purchased from Invitrogen Life Technologies. Cycloheximide (CHX)
and anti-B-actin mAb AC-15 were obtained from Sigma-Aldrich. Anti-UCHL1 mouse
mAb BH7 was purchased from Novus Biologicals. MG132, chloroquine, UCHL1
inhibitor LDN-57444 and anti-ubiquitin rabbit pAb (1:1000) were obtained from
Calbiochem. Anti-BACE]1 rabbit mAb D10ES5 (1:1000), anti-cleaved caspase 3 rabbit
pADb (#9661) (1:1000) and anti-caspase 8 mouse mAb (#9746) (1:1000) were from
Cell Signaling Technologies. Synthetic AB4, was synthesized by EZBiolab. Rabbit

C20 that recognized last 20 C-terminal amino acids of APP was generated previously
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by our laboratory (Li et al., 2006). IRDye™ 680-labelled goat anti-rabbit and
IRDye™ 800CW-labelled goat anti-mouse antibodies were from LI-COR Biosciences.

3.2.4 Pharmacological treatment

Protein half-life was determined by using a 100 pg/mL CHX chase for 0, 6, 12, 24 or
36 h as previously described (Liu ef al., 2008). A dose of 10 uM LDN-57444 was
applied to cells to specifically inhibit UCHL1 hydrolase activity. Chloroquine (100
uM) was used to inhibit lysosomal protein degradation. MG132 (5 uM) was used to
inhibit proteasomal protein degradation. H,O, (100 uM) was applied to SH-
SY5Y/SUCH cells or primary neurons for 18 h to induce cell death. Aged AP4; ata
concentration of 10 uM for SH-SY5Y/SUCH cells or 200 nM for primary neurons
were applied for 18 h to induce cell death.

3.2.5 Immunoprecipitation

Transfected Haw cells or 20E2 cells with or without treatments were lysed in NP-40
buffer (10 mM Hepes, pH 7.5, 142.4 mM KCI, 5 mM MgCl,, | mM EDTA, 1% NP-
40, and Roche protease inhibitor cocktail Complete), sonicated and centrifuged at
14,000g for 20 min. The supernatant was pre-cleared with Sepharose CL-4B for 1 h.
Primary capturing antibodies were incubated with protein A/G sepharose beads (Santa
Cruz) for 1 h before incubation with the protein lysates at 4°C overnight. The
following day the immunoprecipitates were washed three times with NP-40 buffer and
one time with PBS on ice. Sample loading buffer was added to the pellets and samples

were boiled for 5 min before they were subjected to western blot analysis.

3.2.6 Co-immunoprecipitation

Co-immunoprecipitation was performed using Pierce Crosslink IP Kit (MF157118).
Briefly, primary capturing antibodies (C20 antibody made in-house, or anti-BACEI

antibody from Cell Signaling) were incubated with Pierce Protein A/G Plus Agarose

at room temperature for 1 h in Coupling Buffer. The bound antibodies were then
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crosslinked with Pierce Protein A/G Plus Agarose by DSS for 1h at room temperature
to prevent antibodies from co-eluting with the antigens later. Haw cells or 293B2 cells
that had undergone transfections or treatments were harvested and lysed in IP

Lysis/Wash Buffer (0.025M Tris, 0.15M NaCl, 0.001M EDTA, 1% NP-40, 5%
glycerol; pH 7.4). Lysates were pre-cleared by Control Agarose Resin slurry at 4C

for 1 h and added to the antibody-crosslinked resin for incubation overnight at 4°C.

The following day samples were eluted using Elusion Buffer. 5X Lane Marker
Sample Buffer with 100mM DTT were added to samples to make a 1X final solution.

Samples were heated at 95-100°C for 5 min before western blot analysis.

3.2.7 Immunoblotting

Cells were lysed with RIPA buffer containing: 50 mM Tris-HCI (pH 7.2), 150 mM
NaCl, 1% deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulphate and
protease inhibitor cocktail Complete (Roche Molecular Biochemicals). Cell lysates
were briefly sonicated and centrifuged at 14,000 rpm for 10 min. For the western
blotting to detect caspases, cells were lysed with Chaps Cell Extract Buffer (Cell
Signaling) with SmM DTT and ImM PMSF. Lysates were freezed and thawed three
times, and centrifuged at 14,000 rpm for 10 min. For western blot analysis, samples
were diluted in 4X SDS-sample buffer and loaded onto 8% tris-glycine, 12% tris-
glycine or 16% Tris-Tricine SDS-PAGE and transferred to PVDF-FL membranes.

Immunoblot procedure was carried out as indicated in Section 2.2.8.

3.2.8 Ap40/42 ELISA

2EB2 cells were transfected with pZ-UCHLI1-st or control plasmid for 48 h.
Conditioned culture media from 24 h to 48 h post-transfection were collected.
Protease inhibitors and AEBSF were added to prevent degradation of AP proteins. The
concentrations of AB4 and A4, were detected by f-amyloid 1-40 and B-amyloid 1—
42 Colorimetric ELISA kit (Covance, SIG-38954, SIG-38956, Princeton, NJ, USA)

according to manufacturer’s instructions.
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3.2.9 Animals

The gracile axonal dystrophy (gad) mouse is a spontaneous mutant with an in-frame
deletion in exons 7 and 8 of UCHLI (Saigoh et al., 1999), and is equivalent to a
UCHL1 knockout mouse model. Heterozygous gad mice were originally generated
and kindly provided by Dr. Keiji Wada at the National Institute of Neuroscience of

Japan.

3.2.10 Genotyping

All transgenic mice were genotyped at one month of age. Mice were anesthetized with
isoflurane and earmarked. The tissues were digested in 300 pL of lysis buffer (10 mM
Tris-HCI pH 8.0, 10 mM EDTA pH 8.0, 150 mM NacCl, 0.5% SDS) with Proteinase K
(100 ng/mL) (New England Biolabs) at 55°C overnight. The next day, samples were
centrifuged at 16,000g for 10 min and supernatants were transferred to new tubes.
Genomic DNA was extracted with phenol-chloroform, precipitated with 0.7X volume
of isopropanol, and pelleted by centrifugation at 16,000g for 15 min. DNA was then
washed twice with 70% ethanol, air dried and re-suspended in sterile de-ionized water.
For the genotying of UCHLI expression, genomic DNA was subjected to PCR to
amplify mouse UCHL1 using the forward primer UCHL1-F4
(AGCCAAGTGTTTCGAGAAGAACGAG), and reverse primers UCHL1-
R3(TGGCAGCATCCTGAAAAGGAGAGGTG) and UCHL1-
R5(TACAGATGGCCGTCCACGTTGTTGA).

3.2.11 Preparation of AP fibrils

Synthetic AB4, (EZBiolab) was dissolved in sterile deionized water to a concentration
of 1 mM and allowed to incubate at 37°C for 1 hour. The dissolved AP was then
aliquot and stored at -80°C until use. To age the AP4; fibrils, AP4, was diluted with
equal volumes of sterile PBS to 0.5 mM, and placed in the 37°C incubator for 4 days.

The fibrils were dissociated by vigorously triturating and were further diluted with
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complete DMEM to the appropriate concentration. In this chapter, SH-SY5Y or
SUCH cells were treated with 10 pM A for 18 h. Primary neurons were treated with
200 nM AR for 18 h.

3.2.12 MTS, LDH and TUNEL assays

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) assay was performed following manufacturer’s instruction (Promega)
to measure cell viability after H,O, or AP treatment. The absorbance of the formazan
product at 490nm was measured. Cell media were collected and LDH (lactate
dehydrogenase) assay was performed (Clontech) to measure cell toxicity. A red,
formazan-class dye, which was converted by LDH that was leaked to cell media, was
measured by absorbance at 492 nm. For the TUNEL (terminal deoxynucleotidyl
transferase dUTP nick end labeling) assay, cells were fixed by 4% formaldehyde and
the assay was performed following manufacturer’s instruction (Promega). DNA

fragmentation was detected using green fluorescence under fluorescent microscopy.

3.2.13 Caspase-8 and Caspase-9 activity assays

After A treatment, caspase 8 and caspase 9 activities in the primary neurons were
measured with Caspase-Glo® 8 (Promega) and Caspase-Glo® 9 (Promega) assay
systems following manufacturer's instructions. Luminescence was measured with a

TD-20/20 luminometer (Turner Designs).

3.2.14 Statistical analysis

All results were presented as mean + SEM and analyzed by 2-tailed Student’s #-test,
one-way ANOVA or two-way ANOVA. Statistical significance is accepted when
p<0.05 (*p<0.05, **p<0.01, ***p<0.001).
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3.3 Results

3.3.1 Inhibition of UCHL1 promotes the accumulation of BACE1

To investigate the effect of UCHL1 on APP processing, we first established cell lines
stably over-expressing UCHL1. HUCH-st and HUCH-myc cells were established by
introducing UCHL1 cDNA plasmids (pZ-UCHL1-st or pZ-UCHL1-mycHis) into
HEK?293 cells and positively selected transfected cells with zeocin. Western blot
analysis showed that HUCH-myc cells had robust expression of exogenous mycHis-
tagged UCHLI1, which was detected by both anti-myc antibody 9E10 and anti-UCHLI1
antibody, while over-expression of UCHL1 in HUCH-st cells was detected by anti-
UCHLI antibody. Non-transfected HEK293 cells had a lower level of endogenous
UCHLI1 (Figure 3.1A). These data indicated that we have established two UCHLI-
stably expressing cell lines, HUCH-st and HUCH-myc, which are valuable tools for
studying UCHL1 in mammalian cells.

Our previous studies suggested that BACE1 degradation is mediated by ubiquitin
proteasome pathway (Qing et al., 2004). Since UCHLI is a DUB, it may be involved
in the de-ubiquitination and degradation of BACE]1. To investigate whether UCHL1
affects AD pathogenesis by regulating BACEI degradation, we first examined
whether inhibition of UCHL1 would affect BACE1 protein level. LDN-57444 (LDN)
is a competitive and active site-directed inhibitor of UCHL1 and is ~28-fold more
selective for UCHL1 than for other UCH members such as UCHL3. HUCH-st cells
were treated with 10 pM LDN, a concentration that maximally inhibited UCH activity
(Gong et al., 2006). HUCH-st cells were transiently transfected with pZ-BACE1-myc
for 48 h before the treatment of LDN. Cells were lysed after 0, 12, 24, 36 h and
western blot analysis was performed (Figure 3.1B). BACEI level was significantly
increased with the duration of LDN treatment, to 130.7 + 7.3% after 12 h (p <0.01),
136.8 +2.4% after 24 h (p <0.01), and up to 205.0 + 2.3% after 36 h (» < 0.01)
(Figure 3.1C). The results demonstrated that BACE1 protein level was significantly
elevated in the presence of UCHL1 inhibitor LDN.
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Figure 3.1 Inhibition of UCHLI1 elevates BACE1 protein level

(A) Stable cell line characterization. The UCHL 1-stably transfected cell lines HUCH-st and
HUCH-myc were established by transfecting UCHL1 ¢cDNA plasmid constructs pZ-UCHL1-st
and pZ-UCHLI1-mycHis into HEK293 cells and selected with 800 pg/mL zeocin. 9E10 was used
to detect myc-tagged UCHLI1 protein (left panel). Anti-UCHL1 antibody BH7 (Novus Bio)
detected both myc-tagged and endogenous UCHL1 proteins (right panel). B-actin was used as
protein loading control. (B) HUCH-st cells transiently transfected with pZ-BACE1-myc were
treated with 10 uM UCHL1 inhibitor LDN-57444 (LDN) for 0 (vehicle control), 12, 24 or 36 h.
Cells were harvested at the same time. BACE1 level was detected by 9E10 antibody. (C)
Quantification of (B). LDN significantly increased BACE]1 protein level after 12, 24 and 36 h.
BACEI] level was normalized by B-actin and plotted as a percentage compared with the amount at
0 h. The values represent mean = SEM. N =3, **p < 0.01 by one-way ANOVA with the post
hoc Newman—Keuls test.

3.3.2 UCHLI1 accelerates the degradation of BACE1

The accumulation of BACE1 by UCHL1 inhibitor suggested the disequilibrium
between BACE]1 synthesis and degradation. To eliminate the possible involvement of
UCHLI1 in BACEI1 synthesis and to confirm its role in the degradation pathway, we
examined how UCHLI affects the half-life of BACEI. Cycloheximide (CHX) is a
protein synthesis inhibitor produced by the Streptomyces griseus bacterium (Kerridge,
1958; Kay & Korner, 1966). By stopping protein synthesis with CHX, the amount of

protein remaining after a certain time interval can be used to calculate the protein half-
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life (Schoenfeld ef al., 2000; Touitou ef al., 2001). We first compared the half-life of
BACEI in HEK293 and in HUCH-st cells. Over-expression of UCHL1 significantly
facilitated the degradation rate of BACE1 (p < 0.01) (Figure 3.2A, B). To further
confirm the results, we treated HUCH-st cells with UCHL1 inhibitor LDN. The half-
life of BACEI significantly increased by LDN treatment (p < 0. 01) (Figure 3C, D).
Taken together, the data indicated that UCHL1 accelerates the degradation of BACE].
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Figure 3.2 UCHLI1 accelerates BACE1 degradation

(A)HEK and HUCH-st cells were transiently transfected with pZ-BACE1-myc for 48 h before
treated with 100 pg/mL CHX at the same time for 0, 6, 12 or 24 h. Cells were lysed in equal
volumes of RIPA for protein detection. BACE1 was detected by 9E10. (B) Quantification of the
CHX assay from (A). UCHL1 overexpression promoted BACE1 degradation. BACE1 level was
plotted as a percentage of the amount at 0 h. N=4, **p < 0.01, by two-way ANOVA group
comparison. (C) HUCH-st cells were transfected with pZ-BACE1-myc for 48 h, and then treated
with 100 ug/mL CHX together with LDN (or DMSO) for 0, 6 or 12 h. (D) Quantification from (C).
UCHLI inhibition decelerated BACE1 degradation. Values represent mean = SEM. N =4,

**p <0.01, by two-way ANOVA with post hoc Bonferroni test.
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3.3.3 UCHLI1 does not physically interact with BACE1

UCHL1 was reported to interact and cleave ubiquitin from B-catenin (Bheda et al.,
2009) and a-synuclein (Liu et al., 2002), or act as a ligase to poly-ubiquitinate o-
synuclein (Liu et al., 2002). On the other hand, it is able to recycle and stabilize free
ubiquitin (Osaka et al., 2003), thereby indirectly regulating the ubiquitination of a
variety of proteins. To investigate whether UCHLI physically interacts with BACE],
we transfected UCHLI1 or control plasmid into 293B2 cells (HEK cell stably
overexpressing BACE1) for 48 h, before treating the cells with 100 uM chloroquine, 5
uM MG132 or control solution for 6 h. Cells were harvested and co-
immunoprecipitated with anti-BACE]1 antibody using Pierce Crosslink IP Kit.
Samples were then subjected to western blot analysis with anti-UCHL1 antibody
(Figure 3.3). Interaction between UCHL1 and BACE1 was not detected under either
treatment or normal conditions. The data implicated that UCHL1 may indirectly
regulate BACEI degradation by providing more ready-to-use ubiquitin in the cell.
Alternatively, there may be adaptor proteins or intermediate players that await

identification.
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Figure 3.3 UCHLI1 does not physically interact with BACE1

293B2 cells (HEK stably overexpressing BACE1) were transfected with pZ-UCHL1-st or control
plasmid for 48 h and then treated with 100 pM chloroquine, 5 UM MG132 or control solution for
another 6 h. Cells were harvested and co-immunoprecipitated with anti-BACE1 antibody D10ES
(Cell Signaling) using Pierce Crosslink IP Kit. Samples were then immunoblotted with anti-
UCHLI1 antibody BH7 (Novus Bio). No physical interaction between UCHL1 and BACE1 was
detected under any of the treatments.
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3.3.4 UCHLI1 reduces protein level of mature APP

APP is mainly degraded via lysosomal pathway (Caporaso et al., 1992; Haass et al.,
1992). Interestingly, APP can also be ubiquitinated and sorted to proteasome for
degradation (Kaneko et al., 2010; El Ayadi et al., 2012). When we used multiple cell
lines to confirm the accumulation of BACE1 by UCHL1 inhibitor LDN (Section
3.3.1), we also observed enhanced mature full-length APP level (Figure 3.4A). In this
experiment LDN was applied to 20E2 cells, the HEK cell line overexpressing APPgwg,
for 0, 3 or 6 h. UCHL1 inhibition led to a marked accumulation of mature APP, to
1343 +£6.7% (p <0.01)at 3hand 169.3 £ 6.4% at 6 h (»p <0.01) (Figure 3.4B).We
reasoned that UCHL1 also regulates APP degradation, probably by affecting its

ubiquitination followed by one of its degradation pathways.

To investigate whether UCHL1 affects APP degradation, we first confirmed the
inverse regulation of APP protein level by UCHL1 overexpression. Transfection of
UCHLI plasmid in 20E2 cells for 48h reduced mature APP level to 59.2 + 5.1%
compared to control (p < 0.05) (Figure 3.4C, D). While APP Swedish mutation causes
early onset familial AD, most AD cases are sporadic, and patients have the WT APP
gene. To confirm the effect of UCHL1 on APPwr, UCHLI was transfected into Haw
cells, the HEK cell line overexpressing APPwr (Figure 3.4E) Overexpression of
UCHL1 reduced mature APPwr level 48 h post-transfection, to 70.0 + 4.3% compared
to control (Figure 3.4F).
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Figure 3.4 UCHLI1 reduces protein level of mature APP

(A) 20E2 cells (HEK stably overexpressing APPswg) were transfected with pz-UCHL1-st for 48 h
and then treated with LDN for 0, 3 or 6 h. Cell lysates were subjected to western blot analysis.
Full-length APP was detected by C20 antibody. B-actin served as protein loading control. (B)
Quantification of mature APP level in (A). Inhibition of UCHLI1 significantly elevated mature
APP level. N=3, **p<0.01 by one-way ANOVA followed by post-hoc Newman-Keuls test. (C)
20E2 cells were transfected with pZ-UCHLI1 or control plasmid for 48h. Cell lysates were detected
for full-length APP. (D) Quantification of mature APPswg level in (C). Overexpression of UCHL1
markedly reduced mature APPgwr level. N=3, *p<0.05, by Student’s ¢-test. (E) Haw cells (HEK
stably overexpressing APPwr) were transfected with pZ-UCHL1 or control plasmid for 48h. Cell
lysates were detected for full-length APP. (F) Quantification of mature APPyr level in (E).
Overexpression of UCHL1 markedly reduced mature APPy level. N=3, *p<0.05, by Student’s #-
test. Values represent mean = SEM.

3.3.5 UCHLI1 promotes the ubiquitination of APP

UCHLI is a de-ubiquitinating enzyme (Larsen et al., 1998). It is able to cleave
ubiquitin from substrates such as f-catenin (Bheda et al., 2009) and a-synuclein (Liu
et al., 2002). Besides, it may serve as a ligase at concentrations higher than 1 pM (Liu
et al., 2002). Since UCHLI1 reduced mature APP (Figure 3.4), we were interested in
exploring whether UCHL1 exerted its effect by regulating APP ubiquitination /de-
unbiquitination process. For this purpose, 20E2 cells were transfected with pZ-
UCHLI for 48 h before being treated with LDN or control solution for 6 h. Cells were
lysed in NP-40 buffer and were immunoprecipitated by C20 antibody. Samples were
then subjected to western blot analysis using anti-ubiquitin antibody. High-molecular-

weight (HMW) APP-ubiquitin conjugates were detected (Figure 3.5A), which were, in
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other words, ubiquitinated APP. LDN treatment reduced the level of ubiquitinated
APP (Figure 3.5A). Conversely, overexpression of UCHL1 in 20E2 cells elevated the
level of APP-ubiquitin conjugates (Figure 3.5B). We then repeated the experiment in
Haw cells to confirm the same effect by UCHL1 on wildtype APP. Overexpression of
UCHLI1 increased the level of ubiquitinated APPwr as well (Figure 3.5C).

Taken together, we demonstrated that UCHLI1 inhibition led to decreased
ubiquitinated APP and increased mature APP level (Figure 3.5A and 3.4A); in
contrast, overexpression of UCHLI resulted in elevated ubiquitinated APP and
reduced mature APP level (Figure 3.5B and 3.4C; figure 3.5C and 3.4E). The results
indicated that UCHLI1 accelerated APP degradation by enhancing its ubiquitination. In

addition, it exerted similar effect on APPgwr and APPwr.
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Figure 3.5 UCHL1 promotes the ubiquitination of APP

(A) 20E2 cells (HEK stably overexpressing APPswg mutant) were transfected with pz-UCHL1-st
for 48 h and then treated with 10 uM LDN or DMSO for 6 h. Cell lysates in NP-40 lysis buffer
were immunoprecipitated with C20 antibody followed by western blotting with anti-ubiquitin
antibody. High-molecular-weight (HMW) APP complex was detected. LDN reduced HMW APP
level. Negative control lysate was immunoprecipitated with pre-bleed of C20 antibody serum. (B)
20E2 cells were transfected with pz-UCHL1-st or control plasmid for 48 h before lysed in NP-40
buffer. Cell lysates were immunoprecipitated with C20 antibody followed by western blotting with
anti-ubiquitin antibody. Overexpression of UCHL1 enhanced HMW APP level. (C) The

experiment in (B) was repeated in Haw cells (HEK stably overexpressing APPyr). Overexpression
of UCHLI1 elevated HMW APPyt level.
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3.3.6 Lysosomal inhibition prevents UCHL1-mediated APP degradation

APP is mainly degraded via lysosomal pathway (Caporaso et al., 1992; Haass et al.,
1992), while it can also be ubiquitinated and sorted to proteasome for degradation
(Kaneko et al., 2010; El Ayadi et al., 2012). We have demonstrated that UCHL 1
accelerated APP degradation, probably by promoting its ubiquitination. We were then
interested in finding out whether UCHLI1 assists APP degradation by the lysosomal or
proteasomal pathway. To this end, we first investigated the APP protein level when
proteasome or lysosome function was inhibited. MG132, a proteasomal inhibitor, or
chloroquine, a lysosomal inhibitor, was applied to Haw cells for 6 h. Chloroquine
significantly accumulated mature APP in the cell, to 166.1 + 4.4% compared to
controls (p<0.01) (Figure 3.6A lane 5 and 6, figure 3.6B). Surprisingly, MG132 did
not lead to accumulation of APP. Instead, it decreased mature APP level to

65.6 = 10.9 % compared to controls (p<0.05) (Figure 3.6A, lane 3 and 4, figure 3.6B).
The experiments were replicated in 20E2 cells using the same strategies. Similarly,
chloroquine treatment led to marked APP accumulation to 134.6 = 7.0 % compared to
controls (p<0.05) (Figure 3.6C, lane 5 and 6, figure 3.6D), while MG132 treatment
reduced mature APP level to 72.4 + 6.3 % compared to controls (p<0.05) (Figure 3.6C
lane 3 and 4, figure 3.6D).

While it was not clear why proteasomal inhibition decreased mature APP level, it was
obvious that APP mainly underwent lysosomal degradation. To investigate whether
UCHLI1 reduced APP protein level by promoting its lysosomal degradation, Haw cells
were transfected with UCHL1 for 48 h and then treated with 100 uM chloroquine for
6 h (Figure 3.6E). Lysosomal inhibition attenuated the effect of UCHL1 on APP
degradation (p>0.05) (Figure 3.6F, lane 3 compared to lane 4). We replicated the
experiments in 20E2 cells (Figure 3.6G). Similarly, chloroquine treatment attenuated
the UCHL1-regulated reduction of mature APP level (p>0.05) (Figure 3.6H, lane 3
compared to lane 4). Our results indicated that UCHL1 may promote the degradation
of APP via the lysosomal pathway.
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Figure 3.6 Lysosomal inhibition attenuates the effect of UCHL1 on APP protein level

(A)Haw cells were treated with 5 uM MG132, 100 pM chloroquine, or control solutions for 6 h.
Full-length APPwr was detected by C20 antibody. B-actin served as protein loading control. (B)
Quantification of (A). MG132 treatment reduced mature APPywr level, whereas chloroquine
treatment enhanced it. N=3, *p<0.05, **p<0.01 by one-way ANOVA followed by post-hoc
Newman-Keuls test. Values represent mean = SEM. (C)(D) Experiments in (A) were repeated in
20E2 cells. N=3, *p<0.05 by one-way ANOVA followed by post-hoc Newman-Keuls test. (E)
Haw cells were transfected with pz-UCHL1-st or control plasmid for 48 h and then treated with
chloroquine or control solution for 6h. Full-length APPywt were detected by C20 antibody. (F)
Quantification of (E). Overexpression of UCHL1 reduced mature APPwr level. Chloroquine
treatment attenuated the difference in APP level between UCHLI1 and control groups. N=3,
*p<0.05, **p<0.01 by two-way ANOVA followed by post-hoc Bonferroni test. Values represent
mean £ SEM. (G)(H) Experiments in (E) were repeated in 20E2 cells. N=3, *p<0.05, **p<0.01 by
two-way ANOVA followed by post-hoc Bonferroni test.

82



UCHL] inhibits AP production and neuronal death

3.3.7 UCHLI1 physically interacts with APP

To investigate whether UCHL1 regulates APP degradation by physically interacting
with APP, we transfected UCHL1 or control plasmid into Haw cells for 48 h, before
treating the cells with chloroquine or control solution for 6 h. Cells were harvested
and co-immunoprecipitated with C20 antibody using Pierce Crosslink IP Kit. Samples
were then subjected to western blot analysis using anti-UCHLI1 antibody (Figure 3.7).
Interaction between UCHL1 and APP was detected (lane 2). Furthermore, the
interaction was potentiated with chloroquine treatment (lane 4). Taken together, our

results suggested that UCHL1 might directly bind to and ubiquitinate APP, thereby

promoting its degradation.
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Figure 3.7 UCHLI1 physically interacts with APP

Haw cells were transfected wth pZ-UCHL1-st or control plasmid for 48 h and then treated with
100 pM chloroquine or control solution for another 6 h. Cells were harvested and co-
immunoprecipitated with C20 antibody using Pierce Crosslink IP Kit. Samples were then
immunoblotted with anti-UCHL1 antibody BH7 (Novus Bio). Interaction between UCHL1 and
APP was detected (lane 2). The interaction was potentiated with chloroquine treatment (lane 4).
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3.3.8 Increased free ubiquitin level may be partly responsible for reduced
mature APP level by UCHLI1

UCHL1 was reported to prolong the half-life of ubiquitin and provide cells with
ready-to-use free ubiquitin. To investigate whether UCHLI1 regulates the free
ubiquitin pool and whether this is one of the mechanisms UCHLI recruits to promote
the ubiquitination and degradation of APP, we overexpressed ubiquitin and/or UCHLI
in Haw cells. Haw cells were co-transfected with pZ-UCHL1-st and PCW7 (a plasmid
expressing myc-tagged ubiquitin) or their control plasmids for 48 h. Full-length APP
was detected by C20 antibody. Endogenous ubiquitin and exogenous myc-ubiquitin
were detected by anti-ubiquitin antibody (Figure 3.8A). Overexpression of UCHL1
significantly elevated free ubiquitin level to 175.0 + 22.3 % compared to controls
(p<0.05) (Figure 3.8A lane 1 and 2, figure 3.8C). PCW7 further increased free
ubiquitin levels (p<0.01) (Figure 3.8A lane 3 and 4 compared to lane 1 and 2, figure
3.8C). Mature APP level was reduced by UCHL1 as expected (p<0.05) (Figure 3.8B
lane 1 and 2). Moreover, the overexpressed free ubiquitin by PCW7 further reduced
mature APP levels (p<0.01) (Figure 3.8A lane 3 and 4 compared to lane 1 and 2,
figure 3.8B). The data indicated that the increased free ubiquitin level by UCHL1
(Figure 3.8A lane 1 and 2) may be responsible for the increased ubiquitinated APP
and decreased mature APP (Figure 3.5B, figure 3.4B and figure 3.8A lane 1 and 2).
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Figure 3.8 Increased free ubiquitin level reduces protein level of mature APP

(A) Haw cells were co-transfected with pZ-UCHL1-st and PCW7 (a plasmid containing myc-
tagged ubiquitin) or their controls for 48 h. Cell lysates were subjected to western blot analysis.
Full-length APP was detected by C20 antibody. Ubiquitin was detected by rabbit anti-ubiquitin
antibody (Calbiochem). B-actin served as protein loading control. (B) Quantification of mature
APP level in (A). Overexpression of UCHLI significantly reduced mature APP level.
Overexpression of ubiquitin further decreased mature APP level. N=3, *p<0.05, **p<0.01 by two-
way ANOVA followed by post-hoc Bonferroni test. Values represent mean = SEM. (C)
Quantification of ubiquitin level in (A). Overexpression of UCHL1 upregulated ubiquitin level.
N=3, *p<0.05, **p<0.01 by two-way ANOVA followed by post-hoc Bonferroni test. Values
represent mean + SEM.

3.3.9 UCHLI1 reduces APP CTF levels and AP levels in vitro

Since UCHLI inversely regulated APP and BACEI] levels, we then asked whether it
would affect the production of APP CTFs and A. For this purpose we first examined
CTF levels produced from APPswe. HEK and HUCH-st cells were transfected with
pZ-APPswe for 48 h. In cells with endogenous BACEI, the majority of APP was
cleaved by a-secretase to produce CTFa while the minority of APP was cleaved by
BACE] to produce CTFp. For APP Swedish mutant, BACE1 favored the Asp-1
cleavage site over the Glu-11 site and therefore the major CTF was C99 (Figure 3.9A,
lane 1 and 2). In HUCH cells, C99 level was decreased to 71.5 + 2.3% relative to
HEK cells (p < 0.01) (Figure 3.9B). Moreover, C99/C83 ratio was also decreased by
UCHLI1 (p <0.05) (Figure 3.9C). The results were confirmed in 20E2 cells (Figure
3.9A, lane 3 and 4). In 20E2 cells transfected with UCHLI1 plasmid, C99 level was
reduced to 42.2 + 9.5% compared to control (p < 0.05) (Figure 3.9D). C99/C83 ratio
was also decreased by UCHL1 (p < 0.05) (Figure 3.9E). The reduction in C99 level
may result from either the reduction of full-length APP, or the reduction of BACE1
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mediated by UCHLI. On the other hand, the reduced C99/C83 ratio indicated
decreased P-cleavage/a-cleavage ratio, which was probably due to UCHL1-induced

down-regulation of BACEI.

We next confirmed the effect of UCHL1 on CTF and AP production from wildtype
APP. Haw cells were transfected with UCHL1 plasmid or control for 48 h (Figure
3.9F). For wildtype APP, the majority of B-cleavage is at Glu-11 site to produce CTFf
C89. With endogenous BACEI, the majority of APP still undergoes a-cleavage and
mainly produces CTFa C83. Since CTFp levels were very low, we quantified and
compared total CTF amounts. Overexpression of UCHL1 significantly decreased total

CTF amount to 71.5 £ 2.3% relative to control (p<0.05) (Figure 3.9G).

The results were further confirmed with UCHL1 inhibition in cells overexpressing
BACE] (Figure 3.9H). HUCH-st cells were co-transfected with BACE1 and APPswe
plasmids for 24 h and treated with LDN for another 24 h. With exogenous BACE1
expression, APP was mainly cleaved at B-site to produce CTFf, while CTFa C83
could barely be detected (Figure 3.9H). Thus we quantified and compared the amount
of total CTFB. UCHLI1 inhibition led to a marked accumulation of CTFf to

138.9 £ 5.8% compared to control (p<0.01) (Figure 3.91). Taken together, we used
multiply strategies to demonstrate that, in addition to full-length APP and BACEI,
UCHLI also regulates the downstream APP processing and CTF production.

To further determine whether UCHL 1-regulated APP processing also affects Ap
production, we performed the ELISA assay to detect AP levels in our cell culture
systems. 2EB2 cells, a HEK293 cell line stably expressing both APPswg and BACEI,
were transfected with pZ-UCHL1-st or control plasmid for 48 h. Conditioned media
from 24 h to 48 h were collected for AR ELISA. Overexpression of UCHL1 markedly
reduced AB40 level to 83.0 £ 5.9% (p < 0.05, figure 3.9J) and AB42 level to

87.1 £ 1.9% (p <0.01, figure 3.9K).
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Figure 3.9 UCHL1 reduces APP CTF levels and Ap levels in vitro

(A) HEK and HUCH-st cells were transfected with pZ-AppSwe (lanes 1 and 2) for 48 h. 20E2
cells were transfected with pZ-UCHL1-st or control plasmid (lanes 3 and 4) for 48 h. APP CTFs
were detected by C20 antibody. B-actin served as protein loading control. Quantification of APP
C99 level (B)(D) and C99/C83 ratio (C)(E) from (A). Overexpression of UCHL1 markedly down-
regulated C99 levels as well as C99/C83 ratios. N=3, *p<0.05, **p<0.01 by Student’s ¢-test. (F)
Haw cells were transfected with pZ-UCHLI1-st or control plasmid for 48 h. (G) Quantification of
APP CTF level. Overexpression of UCHLI1 significantly reduced total CTF level. N=3, *p<0.05
by Student’s #-test. (H) HUCH-st cells were co-transfected with pZ-AppSwe and pZ-BACE1-myc
for 24 h and then treated with 10 uM LDN or vehicle solution for additional 24 h. (I)
Quantification of APP CTFp level from (H). Inhibition of UCHLI1 elevated total CTFp level. N=3,
*#p<0.01 by Student’s #-test. (J)(K) 2EB2 cells (HEK stably overexpressing both Swedish APP
and BACE1) were transfected with pZ-UCHL1-st or control for 48 h. Conditioned media from 24
h to 48 h were collected and AP ELISA was performed following manufacturer’s instruction .
AP4o and APy, levels were plotted as the percentage of controls. N =3, *p < 0.05, **p <0.01 by
Student’s #-test. All the values represent mean = SEM.
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3.3.10 UCHLI1 protects against oxidative stress-induced neuronal apoptosis
Dysfunction of UCHLI is associated with neurodegeneration. Knockout equivalent of
UCHLI1(Yamazaki ef al., 1988) or its loss of function mutation E7A (Bilguvar et al.,
2013) causes early-onset progressive neurodegeneration. Neuronal loss is one of the
key pathology features in AD brains. We proposed that UCHL1 protects against
neuronal loss in AD. It is notably that the brain is under increased oxidative stress
with aging. Considerable data have accrued indicating that oxidative stress may have a
role in neurodegeneration in AD. Therefore we first looked at the effect of UCHL1 in
oxidative stress-induced neuronal death. To this end, we challenged the
neuroblastoma cell line SH-SY5Y and SUCH cells (SH-SYS5Y stably overexpressing
UCHL1) with H,0,. SH-SY5Y and SUCH cells were treated with 100 uM H,0O, for
18 h, after which the MTS assay and LDH assay were performed (Figure 3.10A and
B). The MTS assay measures mitochondrial reductase activity, which reflects the
number of viable cells present. The LDH assay measures the leakage of the lactate
dehydrogenase to the media as an indirect way of assessing cell membrane integrity.
While cell viability measured by MTS decreased in both SH-SYS5Y and SUCH cells,
UCHLI1 overexpression significantly improved cell survival from 43.1 + 1.9% living
cells to 62.8 + 3.0% living cells (p<0.01) (Figure 3.10A). Consistently, UCHLI
markedly reduced cytotoxicity measured by LDH assay from 32.8 = 3.5% cell death
to 22.3 + 1.7% (p<0.01) (Figure 3.10 B).

To investigate if UCHLI1 deficiency exacerbates neuronal death upon oxidative stress,
we extracted primary cortical neurons from E16 embryos of homozygous gad,
heterozygous gad and WT littermates and treated them with 100 uM H,O, for 18 h at
DIV 14. MTS assay showed that neurons from homozygous gad were the most
vulnerable to H,O, challenge while neurons from WT embryos were the most
resistant (16.6 = 1.1% living cells in homozygous gad, 43.0 = 3.8% in heterozygous
gad, 60.7 £ 8.6% in WT) (p<0.01) (Figure 3.10C). Taken together, the results

indicated that UCHLI protects against oxidative stress-induced neuronal death.
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Research has shown that apoptosis is associated with AD and may be partly
responsible for the neuronal loss in AD brains. Since UCHLI rescued cells from
oxidative stress-induced death, we would like to find out whether the protective effect
is through the inhibition of apoptosis. SH-SY5Y and SUCH cells were treated with
100uM H,0, for 18 h and TUNEL assay was performed (Figure 3.10 D). TUNEL
assay is a method to detect DNA fragmentation resulting from apoptotic signaling
cascade. UCHLI1 significantly inhibited DNA fragmentation induced by H,0,
treatment (5.4 + 0.5% TUNEL positive cells in SUCH compared to 13.2 + 1.3% in
SH-SYSY cells, p<0.01) (Figure 3.10 E), indicating that UCHLI1 protected against
H,0,-induced apoptosis.

Apoptosis can be activated through extrinsic or intrinsic pathways. It is initiated
extrinsically by death receptors such as Fas and TNFR, and activated through caspase
8/caspase 3 pathway (Ashkenazi & Dixit, 1998). Alternatively, it is initiated
intrinsically by the release of cytochrome ¢ from mitochondria to cytosol, followed by
apoptosome formation with apaf-1 and caspase 9, and the activation of caspase 3
(Jiang & Wang, 2004). We were interested in finding out which pathway UCHLI1
interferes with to exert its anti-apoptotic effect. Protein lysates from H,O,-treated SH-

SYS5Y and SUCH cells were detected for cleaved caspases 3, 8 and 9 (Figure 3.10 F).
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Figure 3.10 UCHLI1 protects against H,O,-induced neuronal apoptosis

(A)(B) SH-SYS5Y and SUCH cells (SH-SYSY cells stably overexpressing UCHL1) were treated
with 100uM H,0, for 18 h before (A) MTS assay and (B) LDH assay were performed.
Overexpression of UCHL1 in SUCH cells significantly protected against H,O,-induced cell death
in both MTS assay (A) and LDH assay (B) compared to SH-SY5Y cells. N=3, **p<0.01 by two-
way ANOVA followed by post-hoc Bonferroni test. (C) Primary cortical neurons from
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homozygous gad, heterozygous gad and WT E16 embryos were treated 100 uM H,O, for 18 h at
DIV 14. MTS assay was performed to evaluate cell viability. Cell viability for each genotype was
plotted as the percentage of their controls. Loss of UCHL1 markedly exacerbated H,O,-induced
cell death. N=6 for WT, n=12 for heterozygous gad, n=8 for homozygous gad, **p<0.01, *p<0.05
by two-way ANOVA followed by post-hoc Bonferroni test. (D) SH-SYS5Y and SUCH cells were
treated with 100 pM H,O, for 18 h before being fixed for TUNEL assay. Cells were stained with
TUNEL, and nuclei were counterstained with DAPI. TUNEL staining was indicated by green
color, DAPI staining by blue. (E) Quantification from (D). Overexpression of UCHL1 in SUCH
cells markedly reduced H,O,-induced DNA fragmentation as indicated by TUNEL staining.
Numbers of DAPI-positive and TUNEL-positive cells were counted by Image J. N=3, **p<0.01
by two-way ANOVA followed by post-hoc Bonferroni test. (F) SH-SYS5Y and SUCH cells were
treated with 100uM H,O, for 18 h before they were harvested for cleaved caspases 3, 8 and 9
detection. Quantification of cleaved caspase 3 (G) and cleaved caspase 8 (H) from (F). UCHL1
protected cells against caspase 3 and caspase 8 activation upon H,0O; treatment. N=3, **p<0.01 by
two-way ANOVA followed by post-hoc Bonferroni test. Values represent mean + SEM.

UCHL1 overexpression significantly reduced H,O,-induced caspase 3 activation
(114.4 +4.6% in SUCH cells compared to 192.4 +4.9% in SH-SYSY cells, p<0.01)
(Figure 3.10 G). Moreover, UCHL1 markedly repressed H,O,-triggered caspase 8
activation (98.6 + 14.6% in SUCH cells compared to 173.1 £ 4.4% in SH-SYS5Y cells,
p<0.01) (Figure 3.10 H). Western blot analysis did not detect cleaved caspase 9 band
in control cells or in H,O,-treated cells (data not shown), possibly because H,O,-
induced cell apoptosis was activated mainly by the extrinsic pathway. Taken together,
the data suggested that UCHL1 protects against H,O,-induced neuronal apoptosis
through the caspase 8/caspase 3 pathway.

3.3.11 UCHLI1 protects against Ap-induced neuronal apoptosis

Extracellular A is toxic to neurons and is thought to be the culprit of AD.
Specifically, AP induces apoptosis in cultured neurons (Loo ef al., 1993), which may
be mediated by activated caspase 2, 8 or 12 (Ivins et al., 1999; Nakagawa et al., 2000;
Troy et al., 2000). We have shown the neuroprotective effects of UCHL1 against
oxidative stress-induced apoptosis. Next we would like to explore whether UCHL1
also protects against AB-induced apoptosis, which is closely related to conditions in
AD brains. For this purpose, we first treated SH-SYS5Y or SUCH cells with 10 uM
aged fibrillar AP and measured AB-induced cytotoxicity by LDH assay (Figure 3.11A).
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UCHL1 overexpression significantly reduced cytotoxicity from 48.8 +2.0% cell death
in SH-SYS5Y cells to 28.6 + 3.3% in SUCH cells (p<0.01). We then examined whether
UCHLI1 intervened with AB-induced apoptosis and determined the specific apoptotic
pathway involved. After AP treatment, cell lysates were detected for cleaved caspase
3, 8 and 9 (Figure 3.11B). Similar to the effects in H,O,-induced apoptosis, UCHLI
inhibited the activation of caspase 3 (p<0.01) (Figure 3.11C) and caspase 8 (p<0.01)
(Figure 3.11D) induced by aged AP. Cleaved caspase 9 was not detected, possible due

to weak signals (data not shown).

To confirm the blockage of AB-induced caspase 8 activation by UCHL1 and to re-
examine the caspase 9 activation using a more sensitive strategy, we used the
Caspase-Glo® 8 Assay and Caspase-Glo® 9 Assay kits (Promega). The cleaved
caspase 8 and caspase 9 were transformed to luminescence signals, which were then
measured with a TD-20/20 luminometer (Turner Designs). Primary cortical neurons
from C57BL/6 E16 mice were extracted and at DIV 3 infected with AAV1-UCHLI1-
GFP, an AAV that carried UCHLI gene. AAV1-UCHL1-GFP was prepared as
described in Section 3.2.1. AAV1-GFP was used as control. Transgene expression
efficiency was indicated by GFP expression in the neurons (Figure 3.11E). Eight days
post-infection GFP was moderately expressed; by day 10, GFP was robustly
expressed in the soma as well as in neurites. Therefore we waited 10 days before AP
treatment. 10 days post-infection, neurons were treated with 200 nM aged AP for 18 h,
after which caspase 8 and caspase 9 activities were measured (Figure 3.11F and G).
Consistent with earlier findings, UCHL1 markedly repressed AB-induced caspase 8
activation by ~40% (p<0.01) (Figure 3.11F). On the other hand, AP also induced
caspase 9 activation (Figure 3.11G, lane 1 compared to lane 3), but UCHL1 were not

able to inhibit it (p>0.05) (Figure 3.11G, lane 3 compared to 4).
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Figure 3.11 UCHLI1 protects against Ap-induced neuronal apoptosis

(A) (B) SH-SYSY and SUCH cells were treated with 10 uM aged Ap for 18 h. (A) LDH assay was
performed. Overexpression of UCHL1 in SUCH cells significantly protected against Ap-induced
lactate dehydrogenase leakage compared to SH-SYSY cells. N=3, **p<0.01 by two-way ANOVA
followed by post-hoc Bonferroni test. (B) Cell lysates from (A) were detected for cleaved caspases
3, 8 and 9. Quantification of cleaved caspase 3 (C) and cleaved caspase 8 (D) from (B). UCHL1
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protected cells against caspase 3 and caspase 8 activation upon AP treatment. N=3, **p<0.01 by
two-way ANOVA followed by post-hoc Bonferroni test. (E) Primary cortical neurons from
C57BL/6 E16 embryos were infected with AAV1-UCHL1-GFP or AAV1-GEP at DIV 3 (10
genomic copies /neuron). Infection efficiency was indicated by GFP expression. At 10 days post-
infection, GFP was robustly expressed in the soma as well as in neurites. (F)(G) Ten days post-
infection, neurons were treated with 200 nM AP for 18h. Activities of caspase 8 and caspase 9
were measured by Caspase-Glo® 8 Assay (Promega) and Caspase-Glo® 9 Assay (Promega). AB-
induced caspase 8 activity was significantly lower in UCHL1-overexpressing neurons compared
with controls (F). Ap-induced caspase 9 activities were similar between the two groups (G). N = 3,
**p <0.01 by two-way ANOVA followed by post-hoc Bonferroni test. Values represent mean +
SEM. (H) Ten days post-infection, neurons were treated with 200 nM A for 18h together with z-
DEVD-FMK (caspase 3 inhibitor), z-IETD-FMK (caspase 8 inhibitor), z-LEHD-FMK (caspase 9
inhibitor) or controls. Neurons were lysed for cleaved caspase 3 detection. UCHL 1-overexpressing
neurons reduced Ap-induced caspase 3 activation (lane 1 and 2). Caspase 8 inhibitor abolished the
ApB-induced caspase 3 activation (lane 5 and 6). Caspase 9 inhibition partially reduced caspase 3
activation, with UCHL1 further inhibiting caspase 3 cleavage. There was no statistic calculation
because the experiment has been done for only once.

In the extrinsic apoptotic pathway, the apoptosis executor caspase 3 is activated
following the cleavage of caspase 8. To further confirm the effect of UCHL1 on the
caspase 8-caspase 3 axis, various caspase inhibitors were applied together with A
treatment. Primary neurons were infected with AAV1-UCHL1-GFP or control
plasmid at DIV 3. Ten days post-infection, neurons were treated with 200 nM aged
AP and caspase inhibitors (z-DEVD-FMK for caspase 3 inhibition, z-IETD-FMK for
caspase 8 inhibition, z-LEHD-FMK for caspase 9 inhibition). Cell lysates were then
detected for cleaved caspase 3. As expected, UCHL1 overexpression repressed Af-
induced caspase 3 activation (Figure 3.11 H, lane 1 and 2). Caspase 8 inhibitor
blocked caspase 3 cleavage in both UCHL1-overexpressing neurons and controls
(Figure 3.11H, lane 5 and 6). Caspase 9 inhibitor, on the other hand, partially reduced
caspase 3 activation but did not inhibit the rescue effect by UCHL1 (Figure 3.11H,
lane 7 and 8). This experiment has been done for only once and needs further
replication. Taken together, our data suggested that UCHL1 protects against Af-
induced apoptosis through the caspase 8/caspase 3 pathway.
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3.4 Discussion

As a DUB enzyme, UCHL1 has been shown to regulate UPS-mediated protein
degradation. For example, it promotes -catenin/TCF pathway by inhibiting UPS-
mediated B-catenin degradation (Bheda et al., 2009). It also attenuates NF-kB
activation by inhibiting I-kB degradation (Takami et al., 2007). Here we identified
two additional proteins, APP and BACE1, whose expression levels are regulated by
UCHLI. Our work demonstrated for the first time that UCHLI facilitated the
degradation of BACE1 and APP, both of which are clearly associated with AD
pathogenesis. Therefore, we propose that APP and BACE1 degradation is dependent
on UCHLI activity and this may be one of the mechanisms by which UCHL1 affects
AD pathogenesis.

We first demonstrated the accumulation of BACE1 protein level by the UCHL1
inhibitor LDN (Figure 3.1), which indicated the disequilibrium between BACE1
protein synthesis and degradation. We predicted that UCHLI functions as an
accelerator for BACE1 degradation and confirmed the hypothesis using
cycloheximide chase assay (Figure 3.2). Previously our lab reported the ubiquitination
of BACE1 (Qing et al., 2004). Moreover, GGA3, a clathrin adaptor protein, was
identified to bind to ubiquitinated BACE1 and accelerate BACE1 degradation (Kang
et al.,2010). Here we showed that UCHLI1 also facilitated BACE1 degradation.
However, the molecular mechanisms may be different, because we did not detect
direct interaction between UCHL1 and BACEI under any of the conditions (Figure
3.3). The lack of interaction was not likely due to deficiency in protein amount, since
we had overexpressed both UCHL1 and BACEI] in the cell. On the other hand, we
detected increased free ubiquitin by UCHLI overexpression (Figure 3.8), which
supported the notion that UCHLI1 recycles mono-ubiquitin and enriches the free
ubiquitin pool (Osaka et al., 2003). Taken together, we propose that UCHLI1
indirectly regulates BACE1 degradation, probably by providing more ready-to-use

ubiquitin for the cell. We do not exclude the possibility that there are intermediate
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players between UCHL1 and BACE1/ubiquitinated BACE1. Further experiments are

warranted to explore this possibility.

APP is mainly degraded via lysosomal pathway (Figure 3.6A,C) (Caporaso et al.,
1992; Haass et al., 1992). Interestingly, several reports indicated that APP can also be
ubiquitinated and sorted to proteasome for degradation (Kaneko et al., 2010; El Ayadi
et al., 2012). Here we confirmed the ubiquitination of APP (Figure 3.4). Moreover,
UCHLI, the DUB of our interest, inversely regulated APP protein levels (Figure 3.3)
and the reduced APP level was concomitant with elevated ubiquituinated APP (Figure
3.3 and 3.4). The results indicated that UCHL1 facilitates APP degradation by
promoting its ubiquitination. We further observed that chloroquine, a lysosomal
inhibitor, prevented UCHL1-mediated degradation of APP (Figure 3.6), suggesting
that UCHL1-facilitated APP degradation is mainly via lysosomal pathway. This is not
too surprising, as ubiquitination has been shown to act as a signal for lysosomal

degradation for many proteins (Kraft ez al., 2010).

Next we tried to reveal the underlying mechanisms for UCHL 1-regulated APP
degradation. UCHLI1 is one of the DUBs, which may reverse the ubiquitination in
UPS and rescue proteins from being degraded (Koulich et al., 2008; Lee et al., 2010).
On the other hand, proteasome-associated DUB may accelerate protein degradation by
cleaving the polyubiquitin chain from the substrate and allowing it to reach the
catalytic core of the proteasome (Yao & Cohen, 2002). Things are even more
complicated when it comes to UCHL1, as it has been reported to have two apparent
opposite enzymatic activities: it may serve as a ubiquitin hydrolase as well as a ligase
(Liu et al., 2002). To investigate how UCHL1 upregulated ubiquitin-APP conjugates
and facilitated APP degradation, we explored whether UCHL1 physically interacts
with APP. We identified that UCHL1 bound to APP, and the binding was potentiated
by chloroquine (Figure 3.7). This result was different from our observation with

UCHLI and BACE], and indicated divergent mechanisms of APP and BACE1
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degradation regulation by UCHLI. It is likely that UCHLI physically binds to APP

and directly exerts its hydrolase or ligase activity.

We demonstrated the enriched free ubiquitin pool by UCHL1 overexpression.
Moreover, exogenous ubiquitin resulted in decreased APP protein level in both
UCHLI1 transfected and non-transfected cells (Figure 3.8). This observation implied
that (1) ubiquitin is not yet saturated in the cell, (2) an abundant free ubiquitin pool
assists APP degradation and (3) the elevated free ubiquitin level may be one of the

mechanisms for UCHL1-regulated facilitation of APP degradation.

Taken together, we propose three possible mechanisms by which UCHL1 reduces
APP protein level, in addition to its role in providing ready-to-use ubiquitin. Firstly,
UCHLI may serve as a ubiquitin ligase and assist the poly-ubiquitination of APP.
This function has been demonstrated in the ubiquitination of a-synuclein (Liu ef al.,
2002). A cell-free system with ubiquitin, APP, UCHL1 and other necessary reagents
can be employed to test this hypothesis. Secondly, UCHL1 may act as an adaptor
protein that escorts ubiquitinated APP to lysosome for degradation. This explains why
UCHLI1-APP binding was potentiated upon lysosome inhibition. Further investigation
into the co-localization of UCHL1 and APP in lysosome will provide more
information for this hypothesis. Thirdly, UCHL1 may facilitate APP degradation by
cleaving ubiquitin from APP immediately before it is degraded, a function similar to
that of RPN11, the proteasome-associated DUB. The three hypotheses are not
mutually exclusive. Therefore UCHL1 may implement more than one of them to

regulate protein degradation.

Since UCHLI inversely regulated APP and BACE] levels, we went on to explore its
effect on the downstream products of APP processing, i.e., the APP CTF and AP
production. As expected, UCHL1 inhibited APP CTF and A production (Figure 3.9).

Notably, the effects were significant in both APPswg-overexpressing cell lines and in
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cells that overexpressed wildtype APP, which indicated that the regulation of APP
processing by UCHL1 may be applicable to both FAD and SAD. Meanwhile, it
should be noted that whether UCHL1 regulates APP CTF or AP degradation is not
included in this dissertation. Transfection of plasmids that contain cDNA sequences of
APP CTFs or A can be employed to address this question. For a comprehensive
study of UCHL1’s role on APP processing, its regulation on the degradation of a-

secretase or y-secretase complex should also be explored in future experiments.

Apoptosis has been observed in AD brains (Su ef al., 1994). In particular, activated
caspase 3, 8 and 9 have been detected in hippocampal neurons of the AD brains
(Stadelmann et al., 1999; Rohn et al., 2001; Rohn et al., 2002). Apoptosis may be
activated by extracellular AP in the brain, or by oxidative stress that increases with
aging, or in response to other challenges. Experiments have shown that AP indeed
induces apoptosis in cultured neurons (Loo ef al., 1993). Caspase 2, 8 and 12 have
been individually observed to mediate AB-induced cell death in each of the studies
(Ivins et al., 1999; Nakagawa et al., 2000; Troy et al., 2000). In this chapter we
demonstrated that H,O, induced neuronal apoptosis by caspase 8/caspase 3 pathway.
Furthermore, aged AP was able to induce neuronal apoptosis through the activation of

caspase 3, 8 and 9.

The role of UCHLI in apoptosis remains controversial. Studies have revealed both
anti-apoptotic (Shen et al., 2006; Tan et al., 2008; Costes et al., 2011) and pro-
apoptotic functions of UCHL1 (Kwon et al., 2005; Xiang et al., 2012; Brinkmann et
al., 2013). The discrepancy is probably due to its temporally and spatially specific
activities. Here we showed that in neuroblastoma cell lines and primary neuronal
culture, overexpression of UCHLI protected against both H,O»- and AB-induced
neuronal apoptosis. Specifically, UCHLI attenuated the activation of caspase 8 and

caspase 3 under both challenges (Figure 3.10F, figure 3.11B and F) but not that of
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caspase 9 induced by AP (Figure 3.11G). Taken together, UCHLI inhibited neuronal

apoptosis by interfering with the caspase 8/caspase 3 pathway.

Unlike homozygous gad mice, heterozygous gad mice do not experience axonal
atrophy or display neuromuscular phenotypes. However, it does not necessarily mean
that one allele of functional UCHL1 is always sufficient for neuronal survival.
Neurons with less UCHLI expression may be more vulnerable under challenging
situations such as increased oxidative stress. Indeed, primary cortical neurons from
WT, heterozygous, and homozygous gad embryos reacted differently against H,O»-
induced oxidative stress (Figure 3.10C). The results implied that reduced level of
UCHLI in the brain, although may not affect neuronal integrity at younger age or in a
healthy environment, may jeopardize neuronal survival when the environment is
challenged. In other words, the decreased level of UCHL1 in sporadic AD brains
(Choi et al., 2004) may be partly responsible for the neuronal loss in AD.

3.5 Conclusion

In summary, in this chapter we investigated the role of UCHL1 in APP processing, AP
production, and neuronal death in vitro. We revealed that UCHL1 reduced CTF and
AP production by facilitating the degradation of APP and BACE1. Moreover, UCHLI
protected neurons against H,O,- and AB-induced apoptosis by inhibiting the caspase

8/caspase 3 signaling pathway.
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Chapter 4

Overexpression of UCHL]1 as a therapeutic strategy

for treating Alzheimer’s disease

4.1 Introduction

Despite the extensive effort to find means to treat AD, currently there are no effective
medications. Five drugs have been approved by FDA to treat the cognitive problems
of AD. Among them four are acetylcholinesterase inhibitors and another is an NMDA
receptor antagonist. Unfortunately clinical effectiveness of those drugs is only
marginal (Raina ef al., 2008). Besides, they only treat the symptoms of AD but do not
target the pathogenic steps. Medications that could attenuate or even reverse the
neurodegenerative process are urgently needed. In recent years, drugs that aim at
reducing AP production and attenuating amyloid plaque deposition are being

developed, some of which have reached clinical trials.

Dysfunction of UCHL1 plays an important role in various neurodegenerative diseases.
However, the underlying mechanisms remain unknown. Recently, Gong et al.
proposed a mechanism by which UCHL1 may rescue the memory deficit in AD. They
demonstrated in AD mouse model that UCHL1 promoted the PKA/CREB signaling
pathway, restored LTP in the hippocampus and thereby rescued the learning and
memory deficits (Gong et al., 2006). We hypothesized from another point of view that
UCHLI affects AD progression in a long-term fashion by regulating APP processing
and AP production. In chapter 3, we demonstrated that UCHL1 altered APP
processing and reduced AP production in vitro. We would like to explore the long-
term effect of UCHL1 on AD pathogenesis in vivo, and evaluate its potential as a

disease-modifying strategy for AD therapeutics.
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In this chapter, we overexpressed and knocked down UCHL1 in AD mouse models
and examined their effects on APP processing and A production in vivo. We
performed immunohistochemical staining to detect amyloid plaque formation. In
addition, a batch of behavioral tests were performed to assess muscle strength,

locomotor activity, as well as learning and memory abilities in these mice.

4.2 Methods

4.2.1 Transgenic animals

APP23 transgenic mice carry human APP751 cDNA with the Swedish mutation at
positions 670/671 (KM/NL) under control of the murine Thy-1.2 promoter (Sturchler-
Pierrat et al., 1997, Sturchler-Pierrat & Staufenbiel, 2000). PS45 transgenic mice
carry human PS1 cDNA with the G384A mutation identified in a family with early-
onset FAD under control of the murine Thy-1 promoter (De Jonghe ef al., 1999;
Herzig et al., 2004; Qing et al., 2008). The gracile axonal dystrophy (gad) mouse
carries a spontaneous mutant with an in-frame deletion in exons 7 and 8

of UCHLI (Saigoh et al., 1999), and is equivalent to a UCHL1 knockout mouse
model. Heterozygous gad mice were originally generated and kindly provided by Dr.
Keiji Wada at the National Institute of Neuroscience of Japan. The APP23/PS45
double transgenic mice were generated by breeding the APP23 hemizygous strain
with the PS45 homozygous strain. The APP23/gad mice were generated by breeding
the APP23 hemizygous strain with the gad heterozygous strain. The genotypes of the

mice were confirmed by PCR from DNA extracted from ear tissue.

4.2.2 Genotyping

All transgenic mice were genotyped at one month of age. The genotyping protocol
was described in Section 3.2.10. For the genotyping of APP23, genomic DNA was
subjected to PCR to amplify human APP using the primers Thy1E2F
(CACCACAGAATCCAAGTCGG) and APP1082R
(CTTGACGTTCTGGCCTCTTCC). For the genotying of UCHL1 expression,
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genomic DNA was subjected to PCR to amplify mouse UCHL1 using the forward
primer UCHLI1-F4 (AGCCAAGTGTTTCGAGAAGAACGAG), and reverse primers
UCHL1-R3(TGGCAGCATCCTGAAAAGGAGAGGTG) and UCHLI1-
R5(TACAGATGGCCGTCCACGTTGTTGA).

4.2.3 Virus injection

Seven-week-old APP23/PS45 mice were anesthetized by isoflurane (1-2%) and
secured on the stereotaxic frame (Kopf Instruments). Meloxicam (2mg/kg) was
injected subcutaneously before the skull was exposed. A small section of the skull was
removed using a micro drill (Fine Science Tools, 0.5mm tip diameter) at the co-
ordinates of 2.0 mm rostral and 2.0 mm lateral to the bregma. One microliter of
AAV1-UCHLI-GFP or AAV1-GFP (10" GC/ml) was injected bilaterally or
unilaterally (1.8 mm ventral from the dura) at a rate of 0.2 pl/min. After each injection,

the needle was left in place for an additional 2 min before withdrawal.

4.2.4 Rotarod test

Mice were placed on a single station, standard mouse rotarod (ENV-576M, Med
Associates Inc., USA) with a shaft diameter of 3.2 cm, lane width of 5.7 cm, fall
height of 16.5cm, and divider diameter of 24.8 cm. The rod was accelerated from 0 to
20 rpm over a time period of 300 seconds. Latency to fall was measured. The test was
stopped at the end of 300 seconds if the mouse was still riding the rod. Mice were
returned to their home cages for 2 hours, after which they were retested. The average

of the two trials was taken as a measure of balance and motor coordination.

4.2.5 Hanging wire test

The hanging platform for hanging wire tests consisted of a section of 1 cm by 1 cm
wire mesh, with a 9 cm by 12 cm area isolated by clear plastic tape. Mice were
allowed to grip the center of the mesh and were swiftly inverted over a black container

50 cm in height. A black, cushioned pad was placed at the bottom of the container to
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ensure that falling mice would not be injured. Latency to fall was measured, with a
maximum hanging time of 60 sec. Mice were returned to their home cages for
approximately 2 hours, after which they were re-tested. The average of the two trials

was taken as a measure of hang strength.

4.2.6 Morris water maze test

The Morris Water Maze test was performed as previously described (Qing et al.,
2008). Briefly, the test was performed in a 1.5-meter diameter pool with a 10-cm
diameter platform placed in the southwest quadrant of the pool. The procedure
consisted of one day of visible platform tests and 4 days of hidden platform tests, plus
a probe trial 24 h after the last hidden platform test. In the visible platform test, the
platform was placed 1 cm above the clear water surface. The position of the platform
and the starting direction varied across trials. Mice were tested for 5 continuous trials
with an inter-trial interval of 75 min. Mice were allowed to swim for at most 60 sec
before climbing onto the platform. Failed mice were gently guided to the platform and
remained there for 20 sec before they were sent back to their home cages. In the
hidden platform tests, the platform was submerged 1 cm below an opaque water
surface in a fixed position in the southwest/third quadrant. Mice were trained for 5
trials with an inter-trial interval of 75 min. Mice were allowed to swim for at most 60
sec before climbing onto the platform, and again, failed mice were gently guided to
the platform and remained there for 20 sec. In the probe trial, the platform was
removed and mice were allowed to swim for 60 sec. Mouse behavior including speed
and escape latency was automatically video-recorded by automated video tracking

(ANY-maze, Stoelting).

4.27 Immunohistochemistry
The immunohistochemical staining was performed as previously described (Ly et al.,
2011). Briefly, mice were sacrificed and half of the brains were fixed in 4%

paraformaldehyde, followed by 30% sucrose solution, and sectioned with a Leica
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Cryostat to 30 um thickness after embedding in O.C.T. solution. Every 12th slice with
the same reference position was mounted onto the slides for staining. The slices were
stained with biotinylated monoclonal 4G8 antibody. Plaques were visualized by the
ABC and DAB method and photos were taken under microscopy at 40X
magnification. Plaques were quantified and the average plaque counts per slice were
recorded for each mouse. Thioflavin-S staining of plaques was performed with 1%
thioflavin-S. The green fluorescence-stained plaques were visualized using

fluorescence microscopy.

4.2.8 Immunoblotting

Brain tissues were lysed in RIPA lysis buffer (1% Triton X-100, 1% sodium
deoxycholate, 1% SDS, 0.15M NacCl, 0.05M Tris-HCI, pH 7.2) supplemented with
200 mM sodium orthovanadate, 25 mM B-glycerophosphate, 20 mM sodium
pyrophosphate, 30 mM sodium fluoride, I mM PMSF, and a complete mini protease
inhibitor cocktail tablet (Roche Diagnostics). The samples were diluted in 4X SDS-
sample buffer, boiled, and resolved on 8% tris-glycine, 12% tris-glycine or 16% tris-
tricine SDS-PAGE followed by transferring to PVDF-FL membranes.
Immunoblotting procedure was carried out as indicated in Section 2.2.8. Rabbit anti-

C20 antibody and rabbit anti-GFP antibody were made in-house.

4.2.9 Human Ap ELISA

Tissue extracts from transgenic mouse hippocampal regions were collected and
prepared according to manufacturer’s instructions. Briefly, tissues were homogenized
in 5 M guanidine HC1/50 mM Tris HCI (pH 8.0) and allowed to mix at room
temperature for 4 h. The samples were then diluted in ice-cold reaction buffer (PBS
with 5% BSA, 0.03% Tween-20, and supplemented with AEBSF and Roche mini
protease inhibitor cocktail tablet). The final guanidine HCI concentration was less
than 0.1M. The concentration of A4 was detected using Ap40 Human ELISA Kit

(Invitrogen).
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4.2.10 Statistical analysis

All results were presented as mean + SEM and analyzed by 2-tailed Student’s #-test,
one-way ANOVA or two-way ANOVA. Statistical significance is accepted when
p<0.05 (*p<0.05, **p<0.01, ***p<0.001). Outliers were determined by Tukey’s
boxplot.

4.3 Results

4.3.1 Knockdown and overexpression of UCHL1 in AD mouse models

To examine the effect of UCHL1 on APP processing and AD pathogenesis, we
manipulated UCHLI1 expression in AD model mice in two ways. We knocked down
UCHLI expression by breeding APP23 mice with gad mice to generate APP23/gad.
The APP23 AD mouse model carries human APP751 ¢cDNA with the Swedish
mutation at positions 670/671 (KM/NL) under control of the murine Thy-1.2 promoter.
The gracile axonal dystrophy (gad) mouse carries a spontaneous mutation with an in-
frame deletion in exons 7 and 8 of UCHLI (Saigoh et al., 1999). Since no full-length
or truncated UCHL1 is detected, gad mouse is equivalent to a UCHL1 knockout
mouse model. APP23/gad contains one allele of functional UCHLI and expresses
approximately 50% of UCHL1 protein compared to APP23 or wildtype C57BL/6

mice.

We overexpressed UCHLI1 by intracranially injecting AAV1 that contains human
UCHLI gene to the hippocampal regions of APP23/PS45 mice (Figure 4.1A).
APP23/PS45 was derived from the crossing of APP23 and PS45 mice. PS45 is a
mouse strain that carries the human familial AD-associated G384A mutant PS1. The
introduction of PS45 mutation greatly facilitates AP plaque deposition and learning
and memory deficits in APP23 mice, which shortened the breeding time prior to the
experiments. To make the AAV that contained human UCHL1 gene, human UCHL!
cDNA sequence was cloned into the pAAV-GFP-cDNAG6 vector as described in
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Section 3.2.1. AAV1-UCHL1-GFP and AAV1-GFP were made by Vector Biolabs.
Separate CMV promoters on AAV1-UCHL1-GFP allowed bi-cistronic expression of
UCHLI1 and eGFP in individual transduced neurons. Eight weeks after viral injection,
the mice underwent a batch of behavioral tests, after which they were sacrificed and
the brains were processed for histochemical analysis, western blot analysis and AP

ELISA assay.

To verify the gene expression, hippocampal tissues from saline-, AAV1-GFP- and
AAV1-UCHL1-GFP-injected mice were lysed for protein detection 8 weeks after
viral injection (Figure 4.1B). EGFP was detected in both AAV1-GFP- and AAV1-
UCHL1-GFP-injected hippocampi but not in saline-injected ones. UCHLI level was
increased in AAV1-UCHL1-GFP-injected hippocampi compared to those treated with
AAV1-GFP.

To further verify the viral transduction, another two mice at 7 weeks of age were
unilaterally injected with AAV1-UCHL1-GFP or AAV1-GFP to the left hippocampi
and saline to the right hippocampi. Eight weeks post-injection, eGFP was robustly
expressed in the left hippocampi of both mice. Only trace amount of eGFP was
detected in the right hippocampi, which was probably due to the virus leakage to the
other hemisphere through cerebrospinal fluid (CSF). UCHL1 was increased in the left
hippocampus of AAV1-UCHL1-GFP-injected mouse but not in AAV1-GFP-injected
mouse (Figure 4.1C).
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Figure 4.1 rAAV-mediated transgene expression of UCHL1 in the hippocampal region of
APP23/PS45 mice

(A) APP23/PS45 mice at the age of seven weeks old were intracranially injected with AAV1-
UCHLI1-GFP or AAV1-GFP control to the hippocampal region. One microliter of rAAV

(10" GC/ml) was injected to each hippocampus (2.0 mm rostral to bregma, 2.0 mm lateral to
bregma, 1.8 mm ventral from the dura) (Keith B. J. Franklin, 2001) at a rate of 0.2 pl/min. Eight
weeks post-injection, the mice underwent behavioral tests and were then sacrificed. (B)
Hippocampal tissues from saline-, AAV1-GFP- and AAV1-UCHL1-GFP-injected APP23/PS45
mice were lysed in RIPA buffer for protein detection 8 weeks after the injection. EGFP was
detected by rabbit anti-GFP antibody made in-house. UCHL1 was detected by anti-UCHLI1
antibody BH7 (Novus). EGFP was detected in both AAV1-GFP- and AAV1-UCHL1-GFP-treated
mice but not in saline-treated ones. UCHLI1 level was increased in AAV1-UCHL1-GFP-treated
hippocampi compared to those treated with AAV1-GFP. B-actin served as protein loading control.
(C) Mice were unilaterally injected with AAV1-UCHLI1-GFP or AAVI1-GFP to the left
hippocampi and saline to the right hippocampi at 7 weeks of age. Eight weeks post-injection,
eGFP was robustly expressed in the left hippocampi of both mice whereas only trace amount was
detected in the right hippocampi. UCHL1 was increased in the left hippocampus of AAV1-
UCHL1-GFP-injected mouse but not AAV1-GFP-injected mouse.
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4.3.2 UCHLI1 overexpression reduces AP plaque deposition in APP23/PS45
transgenic mice

To investigate the effect of UCHL1 overexpression on AP plaque deposition,
APP23/PS45 mice were bilaterally injected with AAV1-UCHLI1-GFP or its control
AAV1-GFP at seven weeks of age. Eight weeks later the mice underwent a batch of
behavioral tests before they were sacrificed. AP specific 4G8 immunostaining and
thioflavin-S staining for B-sheet were used to detect Ap-containing neuritic plaques in
the brain. UCHL1 overexpression significantly reduced the number of A plaques in
the hippocampal region of APP23/PS45 mice compared to controls (Figure 4.2Aa and
b). Quantification showed that UCHL1 overexpression decreased plaque number by
approximately 50% (54.0 =4.3 Vs. 104.3 + 6.5 per slice, p<0.01) (Figure 4.2B).
Thioflavin-S staining verified the reduction of B-sheet formation by UCHL1
overexpression (Figure 4.2Ac and d). Strikingly, viral injection of UCHLI to the
hippocampi also significantly affected the AP deposition in the neocortex area (Figure
4.2 Ca and b). The cortex of UCHL1-treated mice contained approximately 45% Af
plaque numbers compared to controls (44.9 + 4.6 Vs. 98.1 £ 5.5 per slice, p<0.01)
(Figure 4.2D). Thioflavin S staining further confirmed this effect (Figure 4.2 Cc and
d).

In APP23 and APP23/gad mice, behavioral experiments were carried out at six
months of age, after which mice were sacrificed for histochemical and biochemical
analysis. At six months old, the single transgenic APP23 mice merely started to
develop AP plaques, with at most 1 to 2 plaques per slice (data not shown). While
plaque numbers increased in APP23/gad mice compared to APP23 (~1.5 plaques per
slice in APP23/gad compared to ~0.5 plaque per slice in APP23), the number was too

small to implicate any biological significance.
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Figure 4.2 Overexpression of UCHL1 significantly decreases amyloid plaque formation in
APP23/PS45 double transgenic mice

(A) (B)APP23/PS45 mice at the age of seven weeks old were bilaterally injected with AAV1-
UCHLI1-GFP or AAV1-GFP control to the hippocampal region. Eight weeks post-injection the
mice underwent behavioral tests, after which they were sacrificed. The brains were dissected, fixed
and sectioned to 30 um thickness. Amyloid p plaques were detected by AB-specific monoclonal
antibody 4G8 and DAB method. The plaques were visualized by microscopy with 40X
magnification. The number of AP plaques in the hippocampal region was significantly decreased
in APP23/PS45 mice with AAVI1-UCHLI1-GFP injection (A,b) compared to controls (A,a). The
results were confirmed by thioflavin-S staining. Thioflavin-S-positive amyloid structures in the
hippocampal region were greatly reduced in AAV1-UCHL1-GFP-treated mice (A,d) compared to
controls (A,c). (B) Quantification of AP plaques in (A, a-b) by Image J. The number stands for the
average plaque number on each photo taken by microscopy under 40X magnification. The value
represents mean = SEM. N = § for each group. **p < 0.01 by Student’s #-test. (C) Detection of
amyloid plaques in the cortical region in the same group of mice as in (A). The number of A}
plaques detected by 4G8 in the cortical region was significantly decreased in AAV1-UCHL1-GFP
-injected APP23/PS45 mice (C,b) compared to controls (C,a). Thioflavin-S-positive amyloid
structures in the cortical region were greatly reduced in UCHL 1-overexpressed mice (C,d)
compared to controls (C,c). Bar: 500 pm. (D) Quantification of AP plaques in (C, a-b). The value
represents mean = SEM. N = § for each group. **p < 0.01 by Student’s #-test.
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4.3.3 Overexpression or partial loss of UCHL1 does not affect motor
coordination or muscle strength in AD mouse models

Homozygous gad mice started to show the phenotypes of gracile axonal dystrophy at
12 weeks of age, including sensory ataxia followed by hindlimb paralysis. While such
phenotypes were not reported in heterozygous gad mice, it was important to exclude
any neuromuscular defects in APP23/gad mice before they underwent further
behavior tests to examine their learning and memory ability. Otherwise the
neuromuscular defects would become confounding factors when interpreting those
tests. We also checked whether injection of AAV-UCHLI1-GFP or AAV-GFP to
APP23/PS45 affects their motor function and muscle strength or not.

Here we present the results in APP23/PS45 mice first, followed by APP23 and
APP23/gad mice, to be consistent with the data presentation throughout the chapter.
The rotarod test was carried out to access the motor coordination of the mice. There
was no difference of the latency to fall between AAV1-UCHL1-GFP-injected and
AAV-GFP-injected APP23/PS45 mice (p>0.05) (Figure 4.3A). The hanging wire test
was to measure the muscle strength of the mice. There was no difference of the
hanging time between the two groups either (p>0.05) (Figure 4.3B). However, there
was one mouse in the AAV-UCHL1-GFP-injected group whose latency to fall in the
rotarod test and hanging time in the hanging wire test were both outliers and
significantly lower than rest of the mice in the group (by Tukey’s boxplots). There
was also one mouse in the AAV-GFP-treated group who was the outlier of its group.
Both mice were excluded from future watermaze test. For APP23 and APP23/gad
mice, both the latency to fall (Figure 4.3C) and the hanging time (Figure 4.3D) were
similar between the two groups (p>0.05). There were no outliers in either group in
either of the tests. Therefore the APP23 Vs. APP23/gad mice was a valid model for
future behavioral experiments to assess the effect of UCHL1 deficiency on learning

and memory ability.
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Figure 4.3 Overexpression or partial loss of UCHL1 does not affect motor coordination or

muscle strength in AD mouse models

(A)(B) Eight weeks post-injection of AAV-UCHL1-GFP or control AAV, APP23/PS45 mice were
examined for motor coordination ability and muscle strength. Motor coordination was assessed by
the rotarod test. Muscle strength was measured by the hanging wire test. N=17 for AAV1-GFP
group including 10 males and 7 females, n=14 for AAV1-UCHLI1-GFP group including 8 males
and 6 females. (A) There were no differences in the latency to fall in the rotarod test between
treatment and control group (p>0.05). (B) There were no differences in the hanging time in the
hanging wire test between the two groups (p>0.05). (C)(D) Six-month-old APP23 or APP23/gad
mice were examined in the rotarod and the hanging wire test. N=12 for APP23 group including 5
males and 7 females, n=10 for APP23/gad group including 4 males and 6 females. (C) There were
no differences in the latency to fall in the rotarod test between APP23 and APP23/gad mice

(p>0.05). (D) There were no differences in the hanging time in the hanging wire test between the
two groups (p>0.05).

4.3.4 Overexpression of UCHL1 rescues memory deficits in APP23/PS45
transgenic mice

To investigate whether UCHL1 overexpression affects the memory deficit in AD, the
Morris watermaze was carried out in AAV-UCHL1-GFP-injected APP23/PS45 mice
and the control group. In the visible platform test on day 1, there was no difference of
the escape latency (p>0.05) (Figure 4.4A) or swimming speed (p>0.05) (Figure 4.4B)
between the two groups. There were no outliers of the escape latency or swimming
speed in either group (Figure 4.4A and B, by Tukey’s boxplots). The results indicated
that UCHLI1 overexpression did not affect the swimming ability or vision. In the

hidden platform test from day 2 to day 5, UCHL1-overexpressing APP23/PS45 mice
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showed significantly shortened escape latency compared to the control group (p<0.05,
group comparison by two-way ANOVA) (Figure 4.4C), indicating improved learning
and memory ability. In the probe trial test on day 6, UCHL1-overexpressing mice
spent markedly increased time in the quadrant where the hidden platform was placed
from day 2 to day 5 (20.6 £ 1.6s Vs. 15.0 + 1.9s, p<0.05) (Figure 4.4D), suggesting
improved memory abilities. The data demonstrated the rescued memory deficits by

UCHLI1 in AD mouse model.
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Figure 4.4 Overexpression of UCHL1 significantly improves memory deficits in
APP23/PS45 double transgenic mice

Morris watermaze test consists of one day of visible platform trials, 4 days of hidden platform
trials and a probe trial 24 h after the last hidden platform trial. Eight weeks after AAV1-UCHL1-
GFP or AAV1-GFP injection, APP23/PS45 mice were subjected to Morris watermaze test at the
age of 15 weeks old. N=16 for AAV1-GFP group (9 males and 7 females), n=13 for AAV1-
UCHLI1-GFP group (7 males and 6 females). (A)(B) On the first day of visible platform test,
AAV-UCHLI1-GFP-injected mice displayed similar escape latency (A) and swimming speed (B)
as control mice. p>0.05 by Student’s z-test. There were no outliers in either mouse group for either
test (A)(B) by Tukey’s schematic boxplots. (C) During day 2 to day 5 of hidden platform test,
AAV1-UCHLI1-GFP mice exhibited shorter escape latency compared to control mice. *p<0.05 by
two-way ANOVA group comparison. (D) On day 6 in the probe trial, AAV1-UCHL1-GFP-
injected mice spent more time in the target quadrant than controls. *p<0.05 by Student’s #-test.
The values are expressed as mean=SEM.
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4.3.5 Partial loss of UCHLI1 exacerbates memory deficits in APP23 transgenic
mice

To examine if loss of UCHL1 exacerbates memory deficits in AD, Morris watermaze
was carried out in APP23 and APP23/gad mice. We chose APP23 single transgenic
AD model over APP23/PS45 double transgenic mice because APP23/PS45 mice
develop severe AP plaque deposition and memory deficits that may not leave room for

further deterioration with the knockdown of UCHLI.

In the visible platform test on day 1, there was no difference in the escape latency
(p>0.05) (Figure 4.5A) or swimming speed (p>0.05) (Figure 4.5B) between APP23
and APP23/gad mice. Neither were there any outliers in these tests (Figure 4.5A and
B, by Tukey’s boxplots). The data indicated that partial loss of UCHL1 did not affect
the swimming ability or vision. In the hidden platform test from day 2 to day 5,
APP23/gad mice showed significantly prolonged escape latency compared to APP23.
On day 4 and day 5, APP23/gad mice spent more time looking for the hidden platform
compared to APP23 (34.8 +3.8s Vs. 24.8 £2.5s for day 4, 31.6 £ 2.8s Vs. 21.3 £2.1s
for day 5, p<0.05 by two-way ANOVA post-hoc test) (Figure 4.4C). In the probe trial
test on day 6, there was a trend for less time in the target quadrant in APP23/gad mice,
although the difference was not yet statistically significant (18.5 = 1.5s Vs. 14.8 £2.2s,
p>0.05). The times that mice passed the virtual platform, the exact area where the
platform was put from day 2 to day5, on the other hand, was statistically different
between the two groups. APP23/gad mice passed the virtual platform less frequently
than APP23 mice (0.8 0.4 Vs. 2.7+ 0.7, p< 0.05). Taken together, the data
demonstrated that partial loss of UCHL1 further exacerbated the memory deficits in

AD mouse model.
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Figure 4.5 Partial loss of UCHL1 exacerbates memory deficits in APP23 transgenic mice

Six-month-old APP23 or APP23/gad mice were subjected to Morris water maze test. N=12 for
APP23 group (5 males and 7 females), n=10 for APP23/gad group (4 males and 6 females). (A)(B)
On the first day of visible platform test, APP23 and APP23/gad mice displayed similar escape
latency (A) and swimming speed (B). P>0.05 by Student’s ¢-test. There were no outliers in APP23
or APP23/gad group for either escape latency (A) or swimming speed (B) by Tukey’s schematic
boxplots. (C) During day 2 to day 5 of hidden platform test, APP23/gad mice exhibited
significantly longer escape latency compared to APP23 mice on the 4™ and 5™ day. *p<0.05 by
two-way ANOVA post-hoc Bonferroni test. (D) On day 6 in the probe trial, APP23 and
APP23/gad mice spent similar time in the target quadrant compared to controls. P>0.05 by
Student’s #-test. (E) On day 6 in the probe trial, APP23/gad mice passed the area where the hidden
platform was previously placed, for significantly fewer times than APP23 mice. *p<0.05 by
Student’s #-test. The values are expressed as mean+=SEM.
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4.3.6 UCHLI1 reduces APP CTF and Ap production in vivo

In chapter 3 we demonstrated clearly that UCHLI1 inversely regulated APP CTF and
AP production in vitro. Here we confirmed the effect of UCHL1 on APP processing in
vivo. APP23/PS45 mice injected with AAV1-UCHL1-GFP or control virus were
sacrificed after behavioral tests. The hippocampi were dissected and lysed in RIPA
buffer for western blot analysis. APP CTFs were detected by C20 antibody. The CTFs
from the hippocampi of the UCHL1-overexpressing mice were significantly reduced
to 64.3 £ 6.6% of those in control mice (p<<0.05) (Figure 4.6A,B). Another batch of
hippocampi were homogenized in 5 M guanidine HCI/50 mM Tris HCI (pH 8.0) for
AP ELISA assay following manufacturer’s instruction (Invitrogen). Overexpression of
UCHLI1 markedly lowered the A4 level in the hippocampi to 68.8 + 7.6% of that in
control mice (p<0.05) (Figure 4.6C). Notably, viral transduction of UCHL1 to the
hippocampi also reduced the CTF levels in neocortex, including the frontal lobe,
occipital lobe, and temporal lobe (Figure 4.6D). Quantification of the CTFs in
neocortex as a whole showed statistically lowered CTF levels in UCHL1-treated mice
(60.7 £ 7.7%) compared to controls (p<0.05) (Figure 4.6E). Next we examined
whether UCHL1 knockdown affected APP processing in vivo. Six-month-old
APP23/gad and APP23 mice were sacrificed after behavioral tests. As expected, APP
CTFs in the hippocampi of APP23/gad mice were significantly higher (155.9 + 11.4%)
than those in APP23 mice (Figure 4.6F,G). Taken together, the data suggested that
UCHLI inversely regulates APP CTFs and A production in AD mouse models.
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Figure 4.6 UCHLI1 inversely regulates APP CTFs and A production in vivo

After behavioral tests, mice were sacrificed and the brains were homogenized for protein detection.
(A) Hippocampi of AAVI-UCHLI1-GFP- or AAV1-GFP-treated APP23/PS45 mice were lyzed in
RIPA buffer. APP CTFs were detected by C20 antibody. B-actin served as protein loading control.
(B) Quantification of (A). Total CTFs in AAV1-UCHL1-GFP-treated mice were lower than in
controls. N=8 for each group. **p<0.01 by Student’s #-test. (C) Hippocampi of AAV1-UCHLI-
GFP- or AAV1-GFP-treated APP23/PS45 mice were lysed in 5 M guanidine HCI/50 mM Tris HCI
(pH 8.0) for A detection by ELISA (Invitrogen). A4 levels of AAV1-UCHL1-GFP-treated mice
were significantly lower than control mice. N=5 for each group. *p<0.05 by Student’s ¢-test. (D)
Immunoblotting of APP CTFs from cortical tissues of frontal lobe, temporal lobe and occipital
lobe from AAV1-UCHL1-GFP- or control APP23/PS45 mice. (E) Quantification of (D). CTFs
from the cerebral cortex were quantified as a whole. N=8 for each group. *p<0.05 by Student’s -
test. (F) Immunoblotting of APP CTFs from hippocampal tissues of APP23 and APP23/gad mice.
(G) Quantification of (F). Total CTFs in APP23/gad mice were higher than in APP23 mice. N=8
for each group. *p<0.05 by Student’s #-test. The values are expressed as mean+SEM.
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4.3.7 UCHLI1 reduces APP and BACEI1 protein levels in vivo

We have demonstrated in vitro the facilitated degradation of APP and BACEI by
UCHLI. To verify this effect in vivo, hippocampi of AAV1-UCHL1-GFP- and
control-injected APP23/PS45 mice were detected for APP and BACE! (Figure 4.7A).
Viral overexpression of UCHLI1 significantly lowered the full-length APP level

(39.5 £ 5.5%) compared to control (p<0.05) (Figure 4.7B). There was a trend of
decreased BACE] level in UCHL1-overexpressing mice (84.7 = 9.7% compared to
control), although the difference was not yet statistically significant (p>0.05) (Figure
4.7C). Similarly, when comparing APP23/gad and APP23 mice (Figure 4.7D), partial
loss of UCHLI in APP23/gad mice markedly increased the full-length APP level
(201.2 + 35.2%) compared to APP23 mice (p<0.05) (Figure 4.7E). There was a trend
of elevated BACEI level in APP23/gad mice (120.0 + 13.2%), but it was not
statistically significant (p>0.05) (Figure 4.7F). The lack of statistical significance in
Figure 4.7C and F may be due to a milder effect of UCHL1 on BACE1 degradation
combined with a relative small sample size. To further examine the regulation of
BACEI protein level by UCHL1 in vivo, we extracted the hippocampi from 5-month-
old homozygous gad mice and wildtype littermates. No UCHL1 protein was detected
in homozygous gad mice (Figure 4.7G). BACEI level in gad mice was increased to
212.5 + 17.6% of that in WT mice (p<0.05) (Figure 4.7G,H), indicating that complete
loss of UCHLI1 led to marked BACE1 accumulation in vivo.

117



Overexpression of UCHLI for treating AD

A Control UCHL1 D app23 APP23/gad

SoESp———— | | | ==
!:- .- 2_—BACE1 S e “—BACH

—ﬁ-actln d * —— _——B-actin

— e e m— — UCHL! s damlh csm e — [JCHL1
e

- '7 -t e, Loni s )

B.s C1s0 E .5 « Faso
= S 200 £
L4100l L S100{ —= s B100{ —
S o <150 2
z 3 2 -
2 50 ¥ [y 50 i L 50
o Q o 50 g
< m < o
0 0 0 0
Control  UCHLA Control UCHLA1 APP23 APP23/gad APP23 APP23/gad
G WT gad H
. - 250 *
S8 . L Sl B —BACE1  __ 200
=
3 150
————— —— e — (321CtiIY E 100] —L=
w
Q
< 50
e — UCHL1 0
WT gad

Figure 4.7 UCHLI1 inversely regulates full-length APP and BACE]1 protein levels in vivo

(A) Immunoblot of full-length APP and BACE]1 from hippocampal tissues of AAV1-UCHL1-
GFP-injected or control APP23/PS45 mice. (B) Quantification of full-length APP levels in (A).
APP levels in AAV1-UCHL1-GFP-injected mice were lower than in controls. N=8 for each group.
*p<0.05 by Student’s t-test. (C) Quantification of BACE1 levels in (A). BACELI levels were
similar in two groups. N=8 for each group. p>0.05 by Student’s #-test. (D) Immunoblot of full-
length APP and BACE1 from hippocampal tissues of APP23 and APP23/gad mice. (E)
Quantification of APP levels in (D). APP levels in APP23/gad were enhanced than in APP23 mice.
N=8 for each group. *p<0.05 by Student’s z-test. (F) Quantification of BACE1 levels in (D).
BACE] levels were statistically the same in two groups. N=8 for each group. p>0.05 by Student’s
t-test. (G) Hippocampal tissues from 5-month-old gad and wildtype (WT) littermates were lysed.
Endogenous BACE1 was detected by anti-BACE]1 antibody (Cell Signaling). (H) Quantification
of (G). BACE]1 level in gad mice was markedly enhanced than in WT mice. N=8 for each group.
*p<0.05 by Student’s ¢-test. The values represent as mean+SEM.
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4.4 Discussion

Currently, there are no medications that can delay or halt the progression of AD.
Medications that are being used to treat AD are acetylcholinesterase inhibitors (tacrine,
rivastigmine, galantamine and donepezil) and an NMDA receptor antagonist
(memantine), all of which are symptom-relieving but not disease-modifying (Raina et
al., 2008). Drugs that interfere with the pathogenic steps of AD are absolutely needed.
APP processing and AP production play a central role in AD pathogenesis, and
therefore have become promising biological targets for AD therapeutic design. In
chapter 3 we showed that UCHL1 decreased A production in vitro. In this chapter we
further demonstrated its AB-reducing effect in vivo. We used rAAV to intracranially
deliver UCHLI1 to the hippocampal area of the mice. This method ensured the long-
term overexpression of UCHL1 and the temporal and spatial specificity. We showed
that UCHLI1 indeed altered APP processing, reduced A production, inhibited plaque
formation and rescued learning and memory deficits in AD mouse models. Thus, in
addition to the temporary LTP-restoring function demonstrated by Gong ef al. (Gong
et al., 2006), UCHL1 may also improve learning and memory in AD by reducing AP
production and delaying the development of AD pathology. Taken together, the data
implicated that transgene expression of UCHLI is a disease-modifying strategy for

AD therapeutic design.

In this chapter we also confirmed the inverse regulation of APP and BACEI by
UCHLI1 in vivo. Interestingly UCHL1 seems to have a moderate inhibitory effect on
full-length APP and a mild effect on BACEI in vivo, as (1) decrease of UCHLI by
half led to ~100% increase in APP, while the increase in BACE1 was statistically
significant only by complete loss of UCHL1 (Figure 4.7), and (2) CTFp and CTFa
levels in mouse brains were proportionally reduced by UCHL1 without the expected
significant CTFB/CTFa ratio change if BACE1 activity was markedly altered (Figure
4.6). This is to some extent good news for UCHLI1 as a drug candidate, for it avoids

the possible side effects from potent inhibition of BACEI, such as the deficits in
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synaptic plasticity and changed behavior in open field test observed in BACEI
knockout mice (Laird et al., 2005). On the other hand, the reduction on APP should
not cause too serious problems, as the APP family proteins in mammals (APP, APLP1
and APLP2) have redundant and partly overlapping functions (further discussed in
Section 5.5).

The expression of UCHL1 in the nervous system is thought to be redundant, as its
pathogenic mutations cause neurodegenerative phenotypes in a recessive manner
(Yamazaki et al., 1988; Walters et al., 2008; Bilguvar ef al., 2013). In accordance, in
our lab the heterozygous gad mice did not display any neuromuscular phenotype.
However, this does not necessarily mean that partial loss of UCHL1 does no harm to
neuronal integrity. In fact, we have shown in chapter 3 (Figure 3.3.10) that primary
neurons from heterozygous gad mice were more vulnerable upon oxidative stress
challenge. In humans, one functional allele of UCHL1 may allow the survival to later
stage of life when diseases in the elderly such as AD and PD start to develop. At that
stage, partial loss of UCHL1 may increase the odds of getting AD or accelerate its
progression. To explore the possibility of this theory, we compared the heterozygous
APP23/gad with APP23 mice. Indeed reduction of UCHL1 by ~50% exacerbated AD-
like pathology and behavioral performance. The data suggested that the lower
expression of UCHL1 in AD brains may be partly responsible for the pathophysiology

and memory impairment in patients.

4.5 Conclusion

In conclusion, we demonstrated that UCHL1 reduced AP production in vivo by
moderately decreasing full-length APP level and mildly down-regulating BACE1
level. Moreover, UCHL1 inhibited A plaque deposition and rescued memory deficits
in AD mouse models. Our results indicated that overexpression of UCHL1 is a

candidate therapeutic strategy to treat AD.
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Chapter 5

Conclusions and discussions

5.1 Conclusions

5.1.1 Chapter 2: NF-xB signaling inhibits UCHL1 gene expression

Previous findings suggested that reduced UCHLI1 level in the brain may play a role in
the development of AD and PD. However, the mechanisms leading to its reduced
expression remain unknown. To address this question, we studied the transcriptional
regulation of UCHL1. We cloned the human UCHLI gene promoter region and
identified a functional NF-xB binding site on it. We demonstrated that NF-«xB
suppressed UCHL1 gene transcription. Moreover, activation of NF-kB signaling by
the inflammatory stimulator LPS and TNFa resulted in decreased UCHL I mRNA and
protein levels. Taken together, we demonstrated that NF-kB signaling inhibited
UCHLI1 gene expression. The discovery implicated that the chronic inflammation and
NF-kB up-regulation in AD brains may account for the concomitantly lowered

UCHLI expression.

5.1.2 Chapter 3: UCHLT1’s effect on AP production and neuronal death
UCHL1 has been shown to process ubiquitin precursors and regulate the degradation
of a few proteins, including a-synuclein, -catenin and IxB-a. In this chapter we
identified two additional proteins, APP and BACE1, whose expression levels are
regulated by UCHL1. We demonstrated that UCHLI facilitated the degradation of
APP and BACE], both of which are critical to APP processing. Overexpression of
UCHLI further reduced CTF production, C99/C83 ratio, and AP production, which
indicated its potential role in delaying AD pathogenesis. Moreover, we revealed that
UCHLI1 may regulate APP and BACE1 degradation by divergent mechanisms. While
the degradation of both APP and BACE1 may be facilitated with enhanced free
ubiquitin level by UCHL1, UCHLI physically interacts with APP and therefore may
also directly regulate APP degradation.
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Neuronal loss is a prominent feature of AD pathology. In particular, apoptosis and
activated caspases have been detected in AD brains and in cultured neurons treated
with AB. In this chapter we demonstrated that UCHLI1 protected against oxidative
stress- and AB-induced neuronal apoptosis. Furthermore, UCHLI1 exerted its anti-
apoptotic effect by inhibiting the caspase 8/caspase 3 pathway, but it had no effect on
caspase 9 activation. This discovery provided a mechanism for the neuroprotective

role of UCHLI1 in AD brains.

Future experiments. In this chapter we examined the effect of UCHL1 on APP
processing and A production in vitro, which laid the foundation for further
experiments in vivo as shown in chapter 4. In addition, we tried to explore the
underlying molecular mechanisms, for example, of how UCHLI facilitates the
lysosomal degradation of APP. There are some aspects that we would like to
investigate but have not had the chance yet. Here we present future experiments that

we have planned.

We have detected the physical binding of APP and UCHLI1 by co-
immunoprecipitation. However, we do not know yet what enzymatic activity UCHL1
exerts on APP, that is, whether it deubiquitinates or attaches ubiquitin to APP as an E3
ligase, or both (Liu ef al., 2002). Since overexpression of UCHLI1 led to increased
ubiquitinated APP, UCHL1 may serve as a ligase on APP. This hypothesis needs
verification in a cell-free system, where other DUBs and ubiquitin ligases are
excluded. If the incubation of purified ubiquitin, APP, and UCHL1, together with
necessary reagents results in the production of ubiquitinated APP, it strongly supports
the above hypothesis. However, it should be noted that UCHL1 might not be an ideal
ligase to mono-ubiquitinate substrates (Liu et al., 2002); instead, it is more efficient in
attaching a second ubiquitin to already mono-ubiquitinated protein. In this case the

cell-free system should include purified ubiquitin, mono-ubiquitinated APP and
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UCHLI. Poly-ubiquitinated APP is expected if UCHLI is able to further ligate

ubiquitin to mono-ubiquitinated APP.

The type of poly-ubiquitination of APP also needs further exploring. The fate of
ubiquitinated protein is largely dependent on the type of its ubiquitination. Generally
the proteasomal protein degradation requires Lys-48-linked polyubiquitination, while
mono-ubiquitinated or Lys-63-linked polyubiquitination of cell surface protein
triggers its internalization and trafficking to lysosome for degradation. Since our data
indicated the facilitated lysosomal degradation of APP by UCHLI, the type of
ubiquitination that UCHL1 regulates is probably Lys-63-linked. As we have shown
the increased ubiquitinated APP by UCHLI1 (Figure 3.5), the type of
polyubiquitination can be examined by introducing K48R or K63R mutant ubiquitin
in which the Lys-48 or Lys-63 was replaced by arginine, and evaluating their effects
on ubiquitinated APP level. The lysosomal degradation pathway can be confirmed by

lysosomal inhibitors.

Another area that we would like to investigate in the future is UCHL1’s effect on APP
trafficking. APP can be transported from the plasma membrane to endosome or
directly from TGN to endosome for lysosomal degradation. Its internalization can be
regulated by its C-terminal motif of YENPTY and by ubiquitin signaling. Specifically,
the ubiquitination of Lys-688 has been found to affect the trafficking and degradation
of APP (El Ayadi ef al., 2012). We are intrigued to find out whether UCHLI regulates
the Lys-688 ubiquitination and APP trafficking. To this end, APPgessr and APPywr
will be employed and UCHL1’s effect on the ubiquitination will be examined. Cell-
surface biotylation assay can be used to detect the retrieval of APP from the plasma

membrane.
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5.1.3 Chapter 4: Overexpression of UCHL1 as a therapeutic strategy for
treating Alzheimer’s disease

In chapter 3 we showed that UCHL1 decreased AP production in vitro. In this chapter
we further examined its AB-reducing effect in vivo. By intracranial AAV-mediated
delivery of UCHLI to the mouse brain, we demonstrated that UCHL1 modestly
decreased APP protein level and mildly decreased BACEI level. Moreover, UCHL1
reduced AP production, inhibited plaque formation and rescued learning and memory
deficits in AD mouse models. Our results indicated that overexpression of UCHLI is

a candidate therapeutic strategy to treat AD.

5.2 Significance of the research

Previous reports have suggested a link between UCHL1 and AD. Correlational study
showed that UCHL1 is expressed at a low level and erroneously modified in AD
brains. Furthermore, overexpression of UCHL1 rescued memory deficits in AD
mouse model. However, whether a causal relationship exists between UCHL1 and AD
development remains unknown. Our study is the first to investigate the role of

UCHLI in AD pathogenesis in vitro and in vivo.

First of all we discovered that UCHL1 transcriptional expression is inhibited by NF-

kB, an important molecule involved in neuroinflammation. The finding indicated that
the chronic inflammation and NF-«kB up-regulation in AD brains may account for the
concomitantly lowered UCHL1 expression. Moreover, it implied a potential pathway

by which inflammation and NF-«B affects AD pathogenesis.

This is the first report to thoroughly examine the role of UCHL1 in APP processing.
We showed that UCHLI1 regulates APP processing by facilitating the degradation of
both full-length APP and BACE1, which results in reduced CTF and A production.
Moreover, we discovered that UCHL]1 protects against oxidative stress- and AB-

induced neuronal apoptosis, which provided a mechanism for the neuroprotective role
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of UCHL1 in AD brains. It also indicated the detrimental consequence of decreased

UCHLL1 level in AD brains.

Thirdly we demonstrated that overexpression of UCHL1 reduced AD-like pathology
and rescued memory deficits in AD model mice. We showed that viral delivery of
UCHLI ensured its long-term expression, and that UCHL1 altered APP processing
and AP plaque deposition in vivo. Therefore UCHL1 may improve learning and
memory ability in AD in a disease-modifying way. The comprehensive approach
used in this project demonstrated the role of UCHL1 in AD pathogenesis, and
provided fundamental information on the pharmaceutical potential of UCHL1-

based AD treatment strategies.

5.3 Further discussions on AP hypothesis

In the last ten years, the AP plaque hypothesis has evolved to AP oligomer hypothesis
and received most popularity. A critical revision from the AP plaque hypothesis to the
AP oligomer hypothesis is to re-define the role of AP plaque deposition. In A}
oligomer hypothesis, amyloid plaque is no longer the culprit of AD. Rather, Ap
plaque is considered a biologically inert reservoir which can be reverted to toxic
oligomer species (Martins ef al., 2008), or is even protective towards functional
deficits (Cheng et al., 2007). On the other hand, AP oligomers have been shown to
induce neuronal toxicity and memory impairment in vivo (Lesne et al., 2006; Shankar
et al., 2008). Moreover, AP oligomer levels correlate with the clinical stage of AD
better than A plaques (McLean ef al., 1999; Mc Donald ef al., 2010).

Despite the mounting evidences supporting AB oligomer hypothesis, there are
limitations in the current researches on AP oligomer toxicity, which are mainly from
the inevitable discrepancy between the actual cellular events in the AD brain and what

is simulated in the laboratory setting. We will discuss the issue in this section. The
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recently developed PET tracer ''C-labeled Pittsburgh Compound-B (''C-PIB) has
allowed fibrillar AP plaque detection in living AD patients. We will look at the clues
it has provided to the “plaque Vs. oligomer” debate. Finally, we will include results

from our experiments in this section.

5.3.1 Limitations in the current researches

The spectrum of AP peptides. The cleavage of APP generates AP peptides of various
lengths, ranging from 37 to 43 amino acids, with AP4 and A4, being the main
components. In experiments using synthetic AP peptides, A4 is usually employed,
because it is the most aggregate-prone form and the major component in AP plaques
in AD brains. However, AB4, does not necessarily dominate in the soluble fraction of
the AP pool. Moreover, AB4, /AP4o ratio may be critical for the initiation of AP
fibrillization and AD pathogenesis, as is shown in many PS1/PS2 mutations that lead
to early-onset FAD. Therefore, A4, alone is not an ideal model to mimic the AP

composition in vivo.

Equilibrium between AP monomer, oligomer and plaque formation. Studies on
AP oligomer toxicity have recruited AP oligomers of various sizes, spanning from as
small as dimers to as large as annular protofibrils (APF, 36-mers). Most reports have
focused on one type of purified oligomers, for example, Ap dimers in (Shankar et al.,
2008), ADDLs in (Lambert et al., 1998) and AB*56 in (Lesne et al., 2006). However,
in the brains of AD patients, AP assemblies are in a dynamic equilibrium from
monomers to fibril plaques. The composition of the AP oligomers may be crucial to
neuronal toxicity. Therefore, results obtained from AP oligomer of one single type

may not be applicable to what is happening in AD brains.

The pharmacological concentration of Af in toxicity assays. AP oligomers have
been shown to be toxic to neurons in a plethora of measurements, including apoptosis

activation, dendritic spine morphology, and synaptic plasticity (Walsh et al., 2002;
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Wogulis et al., 2005; Kuperstein ef al., 2010; Wu et al., 2010). Many of the
experiments, however, applied a much higher concentration of Af than in normal
physiological conditions. While the pharmacological concentration of A is necessary
in order to induce neuronal damage in a few hours or a few days, it should be noted
that the acute toxicity stimulated in the laboratory may be mechanistically different
from the development of AD, a chronic process that takes years before symptoms

appear.

5.3.2 Implications from recent researches on AD biomarkers

The challenge for AP oligomer hypothesis. Apart from the limitations in AP
oligomer research, the AP oligomer hypothesis cannot explain very well some of the
biochemical data from AD patients. Firstly, AB levels in the CSF of AD patients are
much lower than in healthy controls. While discrepancy in AP detection techniques
across the labs led to huge variations in the absolute value of human CSF A across
different studies, in each individual report, the CSF A in AD patients is almost
always lower, to ~50% of that in healthy controls (Vanderstichele et al., 2000;
Strozyk et al., 2003). It is hard to explain why neurons incubated with less soluble A
will degenerate, if the AP oligomer hypothesis is true. Secondly, studies of people
with FAD mutations showed that CSF A in mutation carriers started to decline 25
years before the onset of AD and remained lower than that in healthy controls for 20
years before the disease onset (Bateman et al., 2012). If soluble AP oligomers were
the culprit of AD development, why in those people who were destined to develop
early-onset FAD, soluble A levels were constantly lower than healthy controls at the

pre-symptomatic stage for two decades?

New clues from the PiB-PET scan. AP plaque hypothesis has received some
supports from the newly developed PiB-PET scan that visualizes fibrillar AP plaques
in living AD patients. Using PiB-PET, both cross-sectional and longitudinal studies
have been done to track the development of fibrillar Ap plaque in FAD, SAD and
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normal healthy people. By comparing people with probable AD, of MCI and healthy
controls, it was found that people with probable AD had the highest PiB score (most
fibrillar AP plaques) while healthy controls had the lowest. More importantly, MCI
patients with high PiB score had a much higher chance to develop AD than those who
had low PiB score. Healthy controls who showed more fibrillar AP plaque also were
more likely to develop MCI (Villemagne ef al., 2011). Therefore, fibrillar A level is
a good predictor of the risk to develop AD. In a study on people with the highly
penetrable pathogenic PS1 E280A mutation, it was found that AP plaque started to
deposit about 21 years before dementia and 16 years before MCI. In addition, fibrillar
AP levels continued rising for 9 years and then plateaued for another 6 years before
symptoms of MCI appeared (Fleisher et al., 2012). It seems that in AD patients AP
plaques increase steadily at pre-symptomatic stage and has reached the plateau by the
time of mild stage AD. On the other hand, CSF AP level drops pre-clinically but
gradually increases at later stages. It is possible that sometime at the pre-symptomatic
stage, soluble AP starts to fibril and deposit as plaques. By the time of MCI, A
plaque accumulation has reached plateau and therefore newly secreted AB will not
increase plaque numbers. However, it may be the AP plaques that exert chronic toxic
effects on neurons, which ultimately transform into clinical symptoms of AD. In other
words, the weak association between A plaque numbers and AD progression does

not necessarily exclude the AP plaque hypothesis.

5.3.3 Implications from this project
In this thesis, our experiments were not specifically designed to look for evidence to
support one AP hypothesis over the other, but at least two experiments provided some

information in this respect.

We showed in chapter 3 that aged fibrillar AB4, induced cell toxicity in SH-SYS5Y
neuroblastoma cells and primary cortical neurons (Figure 3.11). Moreover, the AB-

induced neuronal toxicity is mediated by caspase 8/caspase 3 apoptotic pathway. Our
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results neither supported nor challenged the A oligomer hypothesis, since we did not
treat the cells with AP oligomers. Rather, we provided some supports for the toxicity
of insoluble AB. Moreover, the aged fibrillar AP used in our experiments had its
clinical relevance. The aged fibrillar AR was prepared by incubation in PBS at 37°C

for 4 days, a condition that is similar to normal physiological condition in the brain.
Although the concentration of AP in the brain is lower than what we used, it will
produce some aged fibrillar AP given enough time. The aged AP induced cell toxicity
as measured by LDH assay (Figure 3.11A) and caspases activation (Figure 3.11B,F,G).
The neuronal apoptosis caused by fibrillar Ap will very likely happen in AD brains,

and therefore partly accounts for the brain atrophy and cognitive dysfunctions in AD.

We also showed the positive association between A plaques and memory deficits in
AD mouse models (Figure 4.2 and 4.4). In APP23/PS45 double transgenic mice,
UCHLI treatment improved the memory deficits and reduced the number of AP
plaques compared to control mice, a positive correlation between memory deficits and
plaque number. Notably, the reduction of total Af level by UCHL1 was also observed.
AP4o levels from the mouse hippocampi were measured by ELISA assay (Invitrogen).
UCHLI treatment decreased A4 level by ~30%. While the reduction in soluble A
may be the cause of memory improvement, our data implied that decreased AP
plaques may be responsible as well. Further studies will provide more information to
confirm the positive correlation between memory deficits and AP plaque deposition.
For example, APP23/PS45 mice can be intracranially injected with AAV-UCHLI at
different time point, and their behavior test and histochemical analysis be carried out
later at the same time point. Alternatively, UCHL1 does not have to be involved.
Conditional APP transgenic mice can be used to manipulate AP production and plaque

formation in the brain.

To summarize, our experiments demonstrated the neuronal toxicity induced by

fibrillar AP, and the positive correlation between plaque deposition and learning and
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memory deficits. Our results indicated that fibrillar AP plaque may play an important

role in AD pathogenesis.

5.4 A closer look at UCHL1 in neurodegenerative diseases

A few UCHL1 mutations have been discovered to be related to neurodegenerative
diseases, including the I93M dominant missense mutation and the S18Y
polymorphism in PD, the E7A recessive missense mutation in childhood-onset
progressive neurodegeneration and exonal deletion in gracile axonal dystrophy in
mice (Yamazaki et al., 1988; Leroy et al., 1998; Maraganore et al., 1999; Bilguvar et
al.,2013). However, whether they are true pathogenic mutations (or protective
variants) is to some extent controversial. Moreover, whether it is its hydrolase activity,
ligase activity or ubiquitin-recycling ability that accounts for the neurodegeneration
remains elusive. It also awaits exploration whether UCHL1 s effect on protein
degradation is through proteasomal or lysosomal pathway. Here we take a close look
at research reports and our findings in this thesis for the role of UCHL1 in

neurodegeneration.

5.4.1 Mutations of UCHLI1 in neurodegenerative diseases

Is 193M a true PD-causing mutation? The dominant UCHL 1,93y mutation was
identified in two siblings from a German family who both developed early-onset PD
(Leroy et al., 1998), indicating a role of UCHL1 in PD pathogenesis. Researchers
have established transgenic mouse line carrying this mutation and looked for
structural and enzymatic alterations that accounted for its toxicity (described in
Section 1.10.2.1). However, if we scrutinize researches on UCHL 1193y, it appears that
its pathogenic role in PD still needs further confirmation. Firstly, the mutation has not
been identified in any PD patients or healthy controls other than this German family.
Thus the PD development might be due to other genetic or environmental factors and
coincide with this mutation. Secondly, the father who transmitted the mutation to the

siblings did not develop PD-like symptoms, indicating either an incomplete
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penetrance or again a coincidence. Thirdly, the transgenic mouse model, which
expressed human UCHL 193y to the level of approximately 1% of mouse UCHLI,
was a gain-of-function model, and therefore did not fully mimic the dominant
mutation in humans. Nevertheless, since the [93M mutation reduced the hydrolase
activity of UCHLI1 to ~50%, it is highly possible that the mutation is indeed
pathogenic. Further confirmation, for example, from UCHL 1193y knockin mice, is

absolutely necessary.

Is S18Y polymorphism truly protective against PD? Whether UCHL 13y is a true
protective variant is largely controversial. The group that first identified the variant
demonstrated in multiple reports its protective role, while some other studies did not
support this hypothesis. The contradictory results may be due to racial differences in
subject selection and relatively small sample sizes in individual studies. Meta-analysis
implicated that the significance of this polymorphism, if any, is not as prominent as
ApoE4 polymorphism in AD (Maraganore ef al., 2004). Interestingly, if the data were
analyzed within each ethnical group, the results were more consistent with a
statistically significant difference in each group, indicating a similar effect of the
S18Y variant across different populations and a hidden factor that stratified the

ethnical populations.

Is E7A or gad true mutation for neurodegeneration? Compared to the
controversial I93M and S18Y variants, the pathogenic role of the E7A recessive
mutation in humans and gad mutations in mice are truly convincing. Three siblings
born of consanguineous parents displayed striking early-onset neurodegeneration
while the other three siblings or their parents did not display any phenotypes.
Homozygosity mapping and whole-exome sequencing pinpointed the genetic
abnormality to the UCHL 1g74 mutant. Genotyping of the other siblings and the
parents proved the recessive nature of this mutation. Moreover, the development of

the disease was similar to that of the well-characterized gad mice, an equivalent of
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UCHLI1 knockout mouse model. The neurodegenerative phenotypes by complete loss
of UCHL1 have been confirmed by generations of crossings. Finally, more than one
spontaneous UCHL1 mutations have been identified in laboratory mouse strains that
develop similar neuromuscular defects and neurodegeneration. Two strains are
equivalent of UCHL1 knockout (namely gad and gad-J) and another strain is a
spontaneous C to A mutation on exon 4 of UCHLI (namely gad-2J). The convergent
phenotypes confirmed the critical role of UCHL1 in neuronal survival ((Yamazaki et

al., 1988; Walters et al., 2008) and Jackson Lab).

5.4.2 Hydrolase, ligase or ubiquitin recycler?

Studies have identified three enzymatic activities of UCHL1, that is, hydrolase, ligase
and ubiquitin recycler. The ubiquitin recycling function is possibly served by
removing protein remnants from ubiquitin and making it ready-to-use. It is a strategy
employed by UCHLI to indirectly regulate the degradation of a variety of proteins.
UCHL1 is crucial for neuronal survival. Moreover, its mutations are the cause of some
of the neurodegenerative diseases. Therefore it would provide valuable information
for the drug design to sort out what enzymatic activity is most important in those

diseases.

The most controversial enzymatic activity of UCHLI is its ligase function. So far only
one study has reported its ligase activity, in which the authors demonstrated in a cell-
free system the ligation of free ubiquitin to form di-ubiquitin, and the ligation of
ubiquitin to already mono-ubiquitinated a-synuclein (Liu et al., 2002). Moreover, they
attributed the alleged protective role of UCHL1g;gy against PD to its decreased ligase
activity compared to UCHL1wr. While the experiments were done clearly and
beautifully, the conclusion still needs confirmation from future studies. Interestingly,
results from our experiments in chapter 3 supported the ligase activity of UCHL1. We

showed that overexpression of UCHLI led to an increased level of ubiquitinated APP,

132



Conclusions and discussions

although further cell-free experiments are required to demonstrate direct ligase

activity of UCHLI1 on APP.

It is difficult to differentiate the hydrolase activity and ubiquitin recycling function of
UCHLI, since the two functions are largely overlapping and the substrates of UCHLI
are largely unknown. So far only two substrates have been identified, i.e., a-synuclein
(Liu et al., 2002) and B-catenin (Bheda et al., 2009). UCHL1 was shown to exert dual
hydrolase and ligase activities on a-synuclein, while it only de-ubiquitinates -catenin.
As its substrates are largely unknown, many of the effects of UCHLI can only be
attributed to its ubiquitin-recycling function. Future studies should focus on the
identification of the substrates of UCHL1, so that its enzymatic activities and the

mechanisms by which it affects neurodegeneration can be better explored.

5.4.3 Proteasomal degradation Vs. lysosomal degradation

The UPS and lysosome system are the two major degradation systems for intracellular
proteins. UPS is characterized by the polyubiquitination of the proteins to be degraded.
Therefore we originally expected that UCHLI, as a DUB, may affect the proteasomal
degradation of AB-producing molecules by regulating their ubiquitination/de-
ubiquitination process. Interestingly, we found that it is the lysosomal degradation of
APP that UCHLI accelerates. This is reasonable on second thought, because the
lysosmal protein degradation could also be regulated by ubiquitination. For example,
BACEI could be ubiquitinated at Lys-501 and be targeted for lysosomal degradation
by GGA3, a clathrin adaptor protein (Kang ef al., 2010).

Previous studies have reported the effect of UCHL1 on both of the degradation
pathways. For example, UCHL1 rescued B-catenin and IxB-a (Takami ef al., 2007;
Bheda et al., 2009) from proteasomal degradation by inhibiting their ubiquitination.
On the other hand, UCHL1 has been shown to interact with LAMP-2A, the lysosome
receptor for CMA (Kabuta et al., 2008a). Moreover, UCHL1 deficiency resulted in
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up-regulation of lysosomal components (Walters et al., 2008). It is possible that
UCHLI is involved in both degradation systems. Future experiments revealing the
substrates of UCHL1 and the type of polyubiquitination that UCHL1 regulates will

provide more information for this issue.

5.5 Potential applications of UCHL1 overexpression in AD therapeutics
We have demonstrated both in vitro and in vivo that UCHLI reduced protein levels of
full-length APP, BACEI1, APP CTFs, and AB. In AD mouse models, UCHLI1 further
decreased AP plaque formation in the brain and rescued learning and memory deficits.
Moreover, UCHL1 protects against AB-induced neuronal apoptosis, which may be
partly responsible for AD pathogenesis. The data strongly indicated that UCHLI is a

promising drug candidate for AD therapeutics.

Advantages of UCHL1 as a drug candidate. As a potential disease-modifying drug
for AD, UCHL1 may have fewer side effects as a moderate modulater compared to
other AB-targeting drugs, such as the y-secretase inhibitors (GSI) and BACEI
inhibitors. Since y-secretase has dozens of substrates, GSIs usually affect the
cleavage of substrates other than APP, including the essential Notch signaling
pathway, which may lead to undesired effects such as gastrointestinal toxicity
(Searfoss et al., 2003). Second generation GSIs are ‘Notch-sparing’, but they still face
challenges from the inhibition of other y-secretase substrates as well as from increased
CTFp level associated with decreased AP level. BACEI inhibitors, if they can ever be
developed for clinical use, may have to deal with the possible side effects of neuronal
remyelination defects and Navl Na' channel dysfunction. By contrast, UCHL1 may
have fewer side effects as it inhibits APP processing by exerting a moderate reduction
effect on full-length APP and a mild effect on BACE1 degradation. In this way, it
circumvents the problem of substrate specificity in GSIs, and is not likely to cause the

side effects which arise from complete BACE]1 inhibition.
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Conclusions and discussions

The reduction of full-length APP by UCHLI and the probable subsequent decrease in
sAPPa and AICD production, however, may cause some issues, as they all have
important physiological roles. While it requires further testing, serious problems are
not expected, for (1) full-length APP is only partially reduced by UCHLI and (2) the
APP family (APP, APLP1 and APLP2 in mammals) proteins have redundant and
partly overlapping functions. Finally, it should be noted that the overexpression of
UCHLI1 itself may cause the aggregation of other proteins as well as its own
aggregation (Ardley et al., 2004; Proctor et al., 2010). Therefore the amount of

overexpressed UCHL1 needs to be carefully gauged in clinical use.

rAAV-mediated UCHL1 gene therapy for AD. In chapter 4 we delivered UCHL1
into the hippocampal region of the mice by intracranial injection of rAAV. AAV-
mediated gene therapy technique is being developed in recent years. Its safety and
tolerability have been tested in a few Phase I clinical trials, including the AAV-GAD
treatment for PD (Kaplitt ef al., 2007) and AAV2-NGF (Cere-110) treatment for AD
(Sangamo BioSciences). There were no adverse events related to the gene therapy.
Furthermore, long-term expression by AAV delivery was verified. Therefore, rAAV-
mediated UCHL1 gene therapy will be a promising strategy for overexpressing
UCHLI1 in AD brains.
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