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ABSTRAC T T 

Thee ubiquitin proteasome system (UPS) is the major protein quality 
controll  system in eukaryotic cells. Many neurodegenerative diseases 
aree characterized by aggregates and inclusions of aberrant proteins, 
implyingg a sub-optimal functioning or defective UPS. The last few-
yearss have seen increasing evidence for the involvement of the UPS 
inn neurodegenerative disorders, including Alzheimer's disease (AD). 
Notably,, decreases in proteasome activity were detected in several 
corticall  areas in AD patients. In addition, proteins that accumulate 
inn the classical hallmarks of AD were linked to UPS function. This 
revieww specifically discusses the involvement of the UPS in AD 
pathogenesis.. First, a detailed overview of the UPS is presented, 
afterr which AD pathology and its relation to the UPS is discussed. 
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|| INTRODUCTION 

Alzheimer'ss disease (AD) is the most common cause of dementia, 
andd affects more than twenty million people worldwide. About 25 
too 50 percent of the population aged 85 years and over has AD 
(Hebertt et ah. 2003; Ott et al., 1995). Many genetic and non-genetic 
factorss have been implicated in the pathogenesis of AD, but for 
thee non-familial forms the initial cause remains elusive (Rocchi et 
al.,, 2003). In the last few years, evidence has accumulated that 
supportss the premise that the ubiquitin proteasome system (UPS) 
playss a role in many neurodegenerative diseases, including AD. In 
non-pathologicall  conditions the UPS is involved in a vast array of 
cellularr processes, including protein trafficking, antigen presentation 
andd protein degradation of short-lived proteins, such as transcription 
factorss and synaptic proteins (Hershko and Ciechanover. 1998). 

Thee UPS is also a major player in cellular protein quality control, 
andd is involved in the degradation of misfolded and other aberrant 
proteins.. Most neurodegenerative diseases are characterized by 
intracellularr deposits of aggregated and mis-processed proteins, many 
off  which are proteasomal components and substrates. Furthermore, 
severall  mutations in UPS components have been associated with 
neurodegenerativee diseases (Ciechanover and Brundin, 2003), and 
itt is therefore highly conceivable that the UPS is involved in the 
neuropathogenesiss of these diseases. 

Inn relation to AD pathology, the accumulation of ubiquitinated 
proteinss in the neuropathologies hallmarks of AD is the pre-eminent 
characteristicc of the disease. Moreover, UPS activity diminishes in 
thee cortex and hippocampus of AD brain and also decreases with 
agingg (Keck et al.. 2003: Keller et al., 2000a; Keller et al., 2000c; 
Lopezz Salon et al., 2000). The exact mechanism that impairs the 
UPSS in AD remains obscure, although there are several indications 
thatt the general mechanisms underlying AD might have a direct 
effectt on the UPS. In recent years, many excellent general reviews 
onn the UPS have appeared (Berke and Paulson, 2003; Glickman and 
Ciechanover,, 2002; Keller et al, 2002; Pickart, 2004; Shringarpure 
andd Davies. 2002) as well as on its role in neurodegenerat ive 
diseasess (Ciechanover and Brundin, 2003: Ding and Keller, 2001b; 
Hernandezz et al., 2004; Lang-Rollin et al., 2003; Moore et al., 2003). 
Thee present review will focus specifically on Alzheimer's disease 
pathologyy and its relation to protein quality control by the UPS. 
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ALZHEIMER' SS DISEASE & PROTEIN QUALIT Y CONTROL 2 

Thee aberrant and misprocessed proteins that accumulate in AD brain 
constitutee the neuropathological hallmarks of AD. The two most 
pronouncedd hallmarks are neurofibrillary tangles (NFT), formed by 
intracellularr accumulations of the hyperphosphorylated protein tau. 
andd plaques, which are extracellular deposits of the 40-42 amino 
acidd amyloid peptide (Ap), processed from the Amyloid Precursor 
Proteinn (APP) (Braak et al.. 1998). In 1987. Mori et al. and Perry 
ett al. were the first to describe the presence of ubiquitin in paired 
helicall  filaments, the major components of the tangles in AD brains 
(Morii  et al., 1987; Perry et al.. 1987). Since then, many others 
havee confirmed these data and ubiquitin immunostaining is now used 
inn many neuropathological labs for diagnosing neurodegenerative 
diseases.. The presence of ubiquitin and ubiquitinated proteins in AD 
brainn were the initial clues suggesting that the UPS was involved in 
thee pathogenesis of AD. Later, our research group discovered an 
aberrantt form of ubiquitin (UBB+:). which also accumulates in the 
neuropathologicall  hallmarks of AD (Van Leeuwen et al.. 1998b). 
Thiss UBB+1 is translated from ubiquitin-B mRNA, which contains a 
dinucleotidee deletion near a GAGAG-repeat (Van Leeuwen et al., 
1998b).. The two nucleotides are likely to be deleted during or post-
transcription,, since the mutation cannot be detected in the UbBgene 
off  AD patients. UBB+i accumulates in the earliest affected brain 
areass of patients with AD. such as neurons in the transentorhinal 
hippocampall  cortex area (Van Leeuwen et al., 1998b). All three 
proteinss mentioned above, i.e. tau, amyloid peptide and UBB+1, have 
inn common that they accumulate in Al) brain, and all were reported 
too affect the protcasomal pathway (Fig.1). The connection between 
thesee proteins and the UPS in AD wil l be discussed in detail in 
paragraphh 4. 

sectionss of a 92-year-old female AD patient stained for A (3A4, B MCI tau, C Ub 
(DAKO).DD UBB" (ubi2). 
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Directt evidence for involvement of the UPS in AD is abundant (see 
tablee 1): (i) ubiquitinated proteins accumulate in AD brain, (ii) 
proteasomee subunit immunoreactivity is detected in disease-related 
areas,, (iii ) proteasome activity is decreased in AD brain (Keller et 
al... 2000a; Lopez Salon et al., 2000) and (iv) different UPS-related 
mRNAA expression profiles were observed in studies with AD brain 
tissues.. The majority of the gene expression profiling studies rarely 
addresss UPS components, except for a non-significant difference 
inn Ub expression (Colangelo et al., 2002; Ginsberg ct al., 2000). 
Onee study with six AD patients mentions down-regulation of the 
20SS proteasome a.5 subunit, the 19S regulator SI subunit, and a 
relativelyy unknown E2 enzyme, similar to Drosophila' s bendless 
genee product (Luring et al., 2001). Another study shows an age-
regulatedd slight down-regulation of three E2 enzymes in frontal brain 
tissuee (Lu et al., 2004). The ubiquitin carboxy-terminal hydrolase 
LII  (UCH-L1) is also down-regulated in the superior temporal gyrus 
off  five early AD samples, compared to samples of non-demented 
individualss (Pasinetti, 2001). In contrast, another study reported 
ann upregulation of UCH-L1 in AD (Wang et al., 2003). However. 
thee latter study used only three non-confirmed AD samples, and the 
brainn regions studied were not disclosed. 

Thee UPS controls the levels of most cytosolic and nuclear proteins, 
whilee the lysosomal system is responsible for the removal 
off  secretory and internalized proteins. Alterations in lysosomal 
functionn are also implicated in AD pathology (Nixon et al., 2000). 
Anotherr major protein quality control system is present in the 
endoplasmicc reticulum (ER) of cells. All proteins that function in 
thee ER or Golgi apparatus, in the endosomal-lysosomal system, or 
att the plasma membrane, as well as secretory proteins are first 
translocatedd to the ER while they are being synthesized by cytosolic 
r ibosomes.. In the ER, the nascent polypeptide chains are bound 
byy ER-resident chaperones that assist protein folding and at first 
preventt the protein from folding until the entire protein is translated. 
Thesee ER chaperones are mostly heat shock proteins, like Bip 
(bindingg protein), and their levels increase in response to stress. 
Oncee a protein is correctly folded, it is further transported to the 
Golgii  apparatus. Proteins that fail to fold correctly, however, are 
retrotranslocatedd from the ER to the cytosol, and are then recognized 
byy ER-specific E3 ligases. that mediate polyubiquitination of the 
misfoldedd protein on the cytoplasmic side of the ER, and subsequent 
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[Lopezz Salon et a l . , 
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(Songg e t a l . , 2003) 

[Lor inqq e t a l . , 2 0 0 1 ; 
L u e t a LL 2004) 

(Pe t ruce l l i e tt ak, 2004; 
Shimuraa e t a l . , 2004) 

(Pas inet t i ,2001) ) 

(Lowee et al., 1990) 

(Castegnaa e t a l . , 2002) 

(L inds tenn e t a l . , 2002; 
Vann Leeuwen et a l . , 
1998b) ) 

(Kellerr et al., 2000a) 

(Lor ingg et a l . , 2001) 

(Fergussonn et a l . , 1996) 

(Lor ingg et a l . , 2001) 

( G r e g o r i e tt a l , , 1995) 
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Tablee I. Protein s rel late dd to UPS and AD. 
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degradationn of the protein by the proteasome. This process is called 
ER-associatedd degradation (ERAD) (Hampton, 2002). Various types 
off  cellular s t r e s s es can cause accumulation of unfolded proteins in 
thee ER. The cell reac ts to this ER s t ress with a so-called unfolded 
prote inn r e s p o n se CUPR), which involves up-regulated express ion 
off  I.'PR target g e n es encoding ER res ident chaperones, and also 
g e n ess involved in ERAD and pro teasomal degradat ion. Notably, a 
y -sec re tasee component related to AD is degraded by ERAD. The 
y-secre tasee complex is a key enzyme in the production of Ap\ The 
y-sccretasee component Pen-2 is degraded by ERAD in the absence 
off  a n o t h er y - s e c r e t a se componen t, name ly Presen i l l in (PSEN) 
(Bergmann et al.. 2004; Crystal et ah, 2 0 0 4 ). In addit ion, PSEX1 
mutantss linked to familial AD increase the susceptibility of neuronal 
celll  cu l tures to ER s t ress (Imaizumi et ah. 2 0 0 1; Katayama et ah, 
1 9 9 9 ).. Th is i nc reased vulnerabi l i ty, due to mutant PSEX1, w as 
causedd by decreased mRXA induction of ER chaperones by the l.'PR. 
AA disturbed function of ER s t r e ss t ransducers, the s t ress sensors 
off  the ER, was implicated in the mediat ion of the effect of mutant 
PSEX1PSEX1 (Katayama et al.. 1999). In a later study, however, these 
effectss could not be reproduced, and it was shown that the increased 
UPRR act iv i ty w as independent of PSEN e xp ress i on (Sato et ah. 
2000).. Moreover, the latter study also showed that Dip levels are 
nott significantly different in brains of individuals with PSEX1-Xinked 
familiall  AD or sporadic AD compared to levels in control brains. 

Inn conclusion, protein quality control through ERAD in the ER and by 
thee UPS in the cytosol are tightly coupled p rocesses. Both may be 
involvedd in pathogenesis of AD, although the subject requires more 
research. . 

33 THE UBIQUITI N PROTEASOME SYSTEM 

3.11 Ubiquiti n 

Lbiquitinn (Ub) was first described in 1975 (Goldstein et ah. 1975) 
ass a highly conse rved ubiquitous protein, hence its name. It is a 
proteinn of 76 amino acids found in the cytosol and nucleus of cells, 
andd exp ressed in all eukaryotic cells, where it is synthes ised from 
multiplee genes. It is transcribed in several forms: the first is a family 
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off  Ub-fusion genes, in which a single Ub-encoding sequence is fused, 
inn frame, with a carboxyterminal extension protein (CEP). The 
extensionss encoded by Ub-CEP genes (or UbA genes) have been 
demonstratedd to encode essential ribosomal proteins, such as S27a 
andd L40 (Kirschner and Stratakis, 2000; Redman and Rechsteiner, 
1989).. The other Ub genes are polyubiquitin genes, i.e. UbB and 
UbC.UbC. These encode head-to-tail repeats of the Ub sequence (Muller 
andd Schwartz, 1995). When Ub RNA is translated, the protein 
iss cleaved by carboxyterminal Ub hydrolases, liberating free Ub 
monomerss into the cytosol. 

 Lys residue 

6111 27 29 33 48 63 611 27 29 33 48 63 
%%  »  »  '-"" '  » *  *

Ubiquitinn UBB" 

UBB'' can not bind other proteins. 
Lys488 linked polyubiquitin chain but can be ubiquitmated itself 

Fig .. 2 Polyubiquiti n chain s ar e forme d by th e additio n of mult ip l e ubiquit i n molecule s 
throug hh Gly-Ly s interaction s 
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Ass far as its role in protein degradation is concerned, Ub is usually 
linkedd to substrates through isopeptide bonds between the C-terminal 
Glyy residue of Ub and the <s -amino groups of lysine (Lys) residues in 
proteinss (Fig.2). However, there are also reports of proteins that are 
ubiquitinatedd without the requirement for Lys residues (Bloom et ah, 
2003).. Through a complex enzymatic machinery, branched chains of 
multiplee Ubs can be attached to a protein. These covalently attached 
poly-Ubb chains are formed by the sequential addition of mono-Ub to 
aa Lys residue of substrate-bound Ub (Fig.2). Ub has seven lysines, 
makingg several 'mixed' topologies of a poly-Ub chain possible. 
Thee first poly-Ub chain that was discovered had its Ub moieties 
conjugatedd through Lys48 (Chau et ah, 1989), which turned out to 
bee the most common linkage for targeting substrates for degradation 
byy the 26S proteasome. Other poly-Ub chains involve Lys63, which 
appearss to have a distinct role in DXA repair (Spence et ah, 1995). 
andd Lys29 (Varshavsky. 1997). A proteomics study revealed the 
Lyss polyubiquitin chain patterns in yeast. All 7 Lys in Ub were 
targetss for Ub modification, of which Lys48, followed by Lys63, 
weree the most frequently targeted for Lys-linked polyubiquitin chain 
building.. The remaining five Lys were significantly less involved 
inn polyubiquitin chain formation (Peng et al., 2003). The key to 
specificc recognition of Lys48 linked Ub chains probably lays in the 
three-dimensionall  conformation of the polyubiquitin structure. This 
iss supported by the finding that repeated patches in the chain formed 
byy three hydrophobic residues on the surface of Ub. Leu8. Ile44 
andd Val70, are essential for the recognition of Lys48 linked chains 
byy the proteasome (Beal et al., 1996). The conformation of Lys48 
linkedd (Ub)4, which is the minimal signal for efficient targeting to 
thee proteasome (Thrower et al.. 2000), gives better access to the 
hydrophobicc patches of the Ub units than the (Ub)2 conformation 
(Varadann et ah. 2002). 

3,22 Ub-like proteins 

Theree is a growing list of Ub-like proteins that have similar 
posttranslat ionall  modifying propert ies as Ub (Schwartz and 
Hochstrasser,, 2003). SUMO (Small Ubiquitin-like Modifier) and 
NEDD88 (Neural precursor cell-Expressed Developmentally Down-
regulatedd - also known as Rubl (Related to Ub 1)), are the most well 
knownn Ub-like proteins. They are covalently attached to substrates 
throughh their carboxyl termini, just like Ub (Hochstrasser, 2000). 
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However,, Lib itself seems to be the only Ub-like protein that forms 
chains. . 

Thee reversible conjugation of SUMO participates in nuclear transport, 
transcriptionall  regulation, chromosome segregation and cell-cycle 
controll  and is essential for viability, although only in budding yeast 
(Mullerr et al., 2001). NEDD8 is more similar in sequence to Ub 
(Whitbyy et al., 1998). It is translated as an 81-amino acid protein, of 
whichh the C-terminal five amino acids following a Gly-Gly dipeptide 
aree cut off. The only known substrates of NEDD8 are cullins, which 
representt subunits in E3 ligase complexes such as SCF (Skpl, 
Cullin,, F-box proteins). NEDD8 attachment to the cullin subunit of 
SCFF complexes is necessary for the activity of the ligase. NEDD8 
itselff  might be degraded by the proteasome via interaction with the 
nuclearr NUB1 protein (Kamitani et al., 2001), which is interferon-
induciblee and can bind the proteasome regulatory subunit S5a. 
Together,, these findings suggest that NEDD8 and Ub are involved 
inn several common pathways, although their functional association is 
negligible. . 

Interestingly,, NEDD8 was recently found to accumulate in almost 
alll  Ub-containing inclusions found in several diseases (Oil Kuazi 
ett al., 2003). NEDD8 immunoreactivity was found in (i) Mallory 
bodies,, which are hepatocyte inclusions associated mostly with 
alcoholicc liver diseases, and contain Ub, intermediate filament, 
andd aB crystalline and (ii) Rosenthal fibres, which are found in 
astrocytess in Alexander's disease and in astrocytomas, and consist 
off  GFAP aggregates (Gordon. 2003). In AD, however, KEDD8 was 
onlyy found in some tangles in a subpopulation of AD patients, while 
Ubb immunoreactivity is found in all AD patients and tangles are 
increasinglyy ubiquitinated with maturation (Bancher et al., 1989). 
Thee staining pattern of NEDD8 seems reminiscent of reported 
UCH-L11 staining in AD brain (Lowe et al., 1990), which was also 
commonlyy found in ubiquitinated inclusions in brain, but not routinely 
inn AD tangles. Perhaps these staining patterns reflect early tau 
pathologyy in AD. 
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Monoubiquitinationn 3.3 

Besidess targeting proteins for degradation by the proteasome. 
whichh requires at least four Ub-moieties attached to a substrate 
(Throwerr et al., 2000), mono-ubiquitination serves as a modification 
forr entirely different functions in, for instance, histone regulation, 
viruss budding, membrane protein internalisation and trafficking 
(Haglundd et a l, 2003; Hicke, 2001). Histones H2A and H2B are 
monoubiquitinatedd in yeast and mammalian cells, which is needed 
forr meiosis. Monoubiquitination of the Gag polyprotein, which is 
commonn to all retroviruses, is required for virus budding (Hicke, 
2001).. In mammalian cells, the epidermal growth factor receptor and 
interleukin-22 receptor a chain are examples of membrane proteins 
thatt are monoubiquitinated. Monoubiquitination of these proteins not 
onlyy mediates their internalization but also targets them to the late 
endosomal/lysosomall  compartment (Fig.3) (Haglund et al., 2003). 
Thee proteasome is largely uninvolved in these monoubiquitination 
processes.. Hypothetically, disturbed Ub modification of, for 
instance,, neurotransmitter receptors, could interfere with neuronal 
transmission.. Studies with C. elegans demonstrated that Ub-mediated 
endocytosiss of AMPA glutamate receptors might regulate the 
strengthh of synaptic transmission (Burbea et al., 2002; Turrigiano, 
2002).. It remains unclear if mammalian AMPA receptors also require 
monoubiquitinationn for endocytosis, which might implicate a role for 
thiss process in AD. However, it has also been demonstrated that 
proteasomee activity rather than monoubiquitination is required for 
thiss process (Patrick et al., 2003), probably through polyubiquitin-
mediatedd degradation of proteins that normally prevent internalization 
off  glutamate receptors, such as PSD-95 (Colledge et al., 2003). 

Ubiquitinationn machinery 3.4 

Thee UPS is the major system for intracellular protein degradation 
inn eukaryotes (Glickman and Ciechanover, 2002). Ub tags proteins 
forr degradation by poly-ubiquitination. The multi-enzyme cascade 
responsiblee for polyubiquitination involves Lib-bound thioesters with 
distinctt classes of enzymes (Fig.3): El (Ub-activating enzyme), E2 
(Ub-conjugatingg enzymes) and F3 (Ub protein ligases) enzymes 
(Weissman,, 1997). The El enzyme activates Ub in an ATP-dependent 
reactionn that generates a high-energy El-thiol-ester-Ub intermediate. 
Thee activated Ub is then transferred to an E2 enzyme. Ub activation 
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byy the El enzyme forms an important and unique starting point 
off  the UPS. In yeast, only one El enzyme was identified (L'BAJ), 
andd its inactivation is lethal (McGrath et al., 1991). The human 
homologg of this El gene encodes two isoforms of the enzyme. The 
longerr El displays cell-cycle dependent nuclear localization and 
phosphorylationn (Grenfell et ah, 1994; Handley-Gearhart et ah. 
1994).. Recently, several mouse Ub-associated proteins with El 
domainss were described (Semple, 2003). However, it is unknown 
iff  these proteins constitute different functional El enzymes. In a 
humann genome search for El enzymes, three genes were identified, 
suggestingg that there could be more than one functional El enzyme in 
humanss (www.ensembl.org, search done 13-05-2004). The activity 
off  El is decreased in AD brain (Lopez Salon et al., 2000). 

E2ss are conjugating enzymes that catalyse the covalent attachment 
off  Ub to target proteins or transfer the activated Ub to an E3-Ub 
intermediate.. Eleven E2s were identified in yeast, more than thirty 
inn flies, and there are definitely many more in vertebrates (Glickman 
andd Ciechanovcr, 2002). The E2 enzyme E2-25K/IIip2 was recently 
implicatedd in AD, as its levels were found to increase in cell lines 
uponn Ap treatment. In AD brain the enzyme seems to be upregulated 
ass well (Song et al., 2003). Each E2 interacts with a number of 
ligasess (E3s). 

E!3ss are lib-protein ligases. which are responsible for the specific 
recognitionn of a wide variety of substrates of the UPS. E3s display 
thee greatest variety among the enzyme components of the pathway, 
explainingg the high specificity of this hierarchical system. Most E3s 
cann be classified into two major groups: IIECT (Homologous to the 
E6-APP C Terminus)-domain- and RING (Really Interesting New-
Gene)) finger-containing E3s, and several minor groups (Glickman and 
Ciechanover,, 2002). The HECT-domain E3s accept Ub transferred 
fromm E2 enzymes by forming another high-energy thiol ester bond 
betweenn an active site Cys residue and Ub. Ub is subsequently 
transferredd to the ligase-bound substrate. The RING finger E3s serve 
moree as a bridge that brings together the E2 and the substrate to the 
proximityy that allows for efficient transfer of Ub from the E2 to the 
substrate.. After initial ubiquitin ligation by E3s, chain elongation can 
proceedd by action of a different ligase, termed E4 (Ufd2 in yeast) 
(Koegll  et ah, 1999). UFD2a is the mammalian homolog of Ufd2 
(Kanekoo et ah, 2003). The U box domain in the E4 enzyme mediates 
thee interaction with Ub-conjugated targets. It was reported that 

http://www.ensembl.org


GENERALL INTRODUCTION 23 

otherr mammalian proteins with U box domains were able to mediate 
ubiquitinationn of substrates in combination with El and E2 enzymes, 
withoutt the need for other E3 components (I latakeyama et al., 
2001).. This suggests that U box proteins form a distinct class of E3 
enzymes,, and that some may function as E4 enzymes by mediating 
furtherr ubiquitination of E3 ubiquitinated substrates. 

Thee E3 enzyme E6-AP (E6-associated protein)was the first 
UPSS component found in which mutations were linked directly to 
thee cause of a disease. Mutations in the E6-AP gene lead to the 
neurodevelopmentall  disease Angelman syndrome (Kishino et al., 
1997).. Moreover, loss of function of the enzyme in spinocerebellar 
ataxiaa 1 (SCAD mice enhances neuropathology (Cummings 
ett al.. 1999). Parkin is another example of an E3 enzyme that 
iss specifically involved in neurological disease, in this case the 
neurodegenerativee Parkinson' s disease (PD). Mutations in parkin 
aree estimated to account for about 50% of all autosomal recessive 
early-onsett Parkinsonism cases (Zhang et al., 2000). Parkin is self-
ubiquitinated,, promoting its own degradation, and also ubiquitinates 
thee synaptic proteins CDCerl-1 (Zhang et al., 2000), synphillin-1 
(Chungg et al., 2001), and a novel form of O-glycosylated a-synuclein 
(Shimuraa et al., 2001). a-Synuclein is the main constituent of Lewy 
bodyy inclusions found in PD brains and synphilin-1 is known to 
bindd a-synuclein. PD patients with parkin mutations were thought 
nott to develop Lewy bodies, suggesting that normal parkin would 
bee involved in the formation of Lewy bodies (Hayashi et al., 2000; 
Ishikawaa and Takahashi, 1998; Mori et al., 1998; Zhang et al., 
2000).. However, this assumption is based on only a few autopsies 
off  autosomal recessive juvenile Parkinsonism cases. One study 
describess Lewy bodies in early-onset PD with confirmed parkin 
mutationss (Farrer et al., 2001). Although the parkin mutations in this 
studyy are different from the ones described earlier, the presence of 
Lewyy bodies challenges the hypothesis of parkin function in these 
inclusions.. CHIP (carboxyl terminus of the Hsc70-interacting protein) 
wass recently found to serve as a Ub ligase for phosphorylated tau. a 
proteinn that is relevant to AD (Petrucelli et al., 2004; Shimura et al., 
2004)) (see chapter 4.1 for details). 

Inn summary, the following findings support a link between the 
processs of ubiquitination and AD pathology: (i) El levels are lower in 
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ADD brains (Lopez Salon et al.. 2000J. (ii) E2-25K/Hip2 is implicated 
inn Ap-mediated toxicity (Song et al.. 2003) and (iii ) some E3 l igases 
aree linked to AD, such as the U box protein CHIP, which ubiquitinates 
AD-typee phosphorylated tau (Shimura et al.. 2004). 

3.55 Deubiquitinating enzymes 

Modif icat ionn of p ro te i ns by Ub is a r eve rs i b le p r o c e ss (F ig .3 ). 
Deubiquitinatingg enzymes (DUBs) therefore play a significant role in 
maintainingg the steady state levels of free ubiquitin. and in controlling 
thee stability of Ub-conjugated proteins. All known DUBs are cysteine 
p ro teasess that specifically hydrolyze the isopeptide bond after the 
C-terminall  Gly res idue of Ub. There are two distinct categor ies of 
DUBs,, namely UCHs (ubiquitin C-terminal hydro lases) and UBPs 
(ubiquitinn specific pro teases). UCHs are small proteins that remove 
shortt pept ides from the C-terminus of Ub, while UBPs are responsible 
forr cleaving the isopeptide bond linking Ub-Ub or Ub-protein. UBPs 
cann also cleave biosynthctic linear fusions of Ub (Chung and Baek, 
1999;; Wilk inson, 2 0 0 0 ). Muta t ions in UCH-L1 d e m o n s t r a te the 
importancee of deubiquitinating enzymes in neuronal protein quality 
control,, as they are associated with Parkinson' s d isease (PD) and 
causee gracile axonal dystrophy in mice (Saigoh et al., 1999). In PD, 
UCII-L 11 also seems to have a role in the ubiquitination of a-synuclein, 
butt only when one or more Ub molecules are already attached to the 
protein.. Moreover, a dimerised form of the UCH-L1 enzyme has Ub-
Ubb ligase activity through Lysfi3 res idues in Ub (Liu et al.. 2002). 
Thee S18Y polymorphism of UCH-L1 is associated with a lower risk 
forr PD, probably caused by a shift in the balance between the ligase 
andd hydrolase activit ies of the enzyme (Liu et al., 2002). Not much 
iss known about the involvement of DUBs in AD pathology. In one 
studyy UCH-L1 was found to accumulate in a minority of tangles in a 
subpopulationn of AD patients (Lowe et al., 1990). In addition. UCH-
L ll  was found to be oxidatively modified in AD brain (Castegna et 
al... 2002). Impaired function of ubiquitin hydrolases can affect many 
proteins,, the degradation of which is normally regulated by a balance 
be tweenn ubiquit ination and deubiquit inat ion. For AD pathology, a 
shiftt in this ba lance regard ing UBB + ; p rocess ing, would possibly-
leadd to more UBB+1 accumulation and thereby to more pro teasome 
inhibitionn (Lindsten et al., 2002). 
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Proteasomess 3.6 

Polyubiquitinatedd proteins are targeted for degradation by the 
proteasome,, which is a large enzymatic complex found in all 
eukaryoticc cells. There is a large diversity in proteasome composition, 
ass this complex contains several different components and many 
interchangeablee subunits (Fig.3). 

Thee proteolytic core of the proteasome or "20S proteasome" is 
aa 28 subunit multi-catalytic particle consisting of four heptagonal 
rings.. The two outer rings consist of 7 a-subunits each and the two 
innerr rings of 7 p-subunits each. Three of the seven types of p-
subunitss in each ring (six in total) confine the catalytic activity to the 
proteasome.. The p-subunits 1, 2 and 5 exhibit "peptidylglutamyl-
peptidee hydrolyzing" (PGPH), trypsin-like and chymotrypsin-like 
activityy respectively. The PGPH activity is also known as "post-
acidic""  or "caspase-like" activity (Kisselev et al., 1999; Kisselev 
ett al., 2003). The three catalytic sites interact allosterically. For 
example,, inhibitors of the caspase-like activity stimulate the trypsin-
lik ee activity but do not affect the chymotrypsin-like activity. In 
addition,, substrates of the caspase-like activity allosterically inhibit 
thee chymotrypsin-like activity (Kisselev et al., 2003). 

Thee proteasome active sites are confined to a proteolytic chamber, 
whichh is thought to be controlled by a regulatory gating mechanism. 
Thiss mechanism protects proteins from spontaneous degradation 
byy the catalytic activities. In yeast, the N-termini of a-subunits in 
thee 20S proteasome form a 'plug' at the entrance of the 20S 
barrell  by interacting tightly with the N-terminus of the a-3 subunit. 
Accesss to the barrel can only be achieved by substantial structural 
rearrangement,, which is established by the binding of regulators, 
suchh as 19S (Groll and Huber. 2003). 

Thee 20S core can be capped at each end by several multimeric 
components,, of which the 19S regulatory particle is the most 
importantt for degradation of ubiquitinated substrates. Together, 
thee 20S and 19S particles give rise to the 26S proteasome, which 
ass a whole is responsible for the degradation of polyubiquitinated 
proteinss (Ciechanover, 1994). The regulatory 19S complex consists 
off  at least 20 subunits and has multiple functions within the 26S 
proteasomee (Ferrell et al., 2000). This complex is composed of 
twoo parts, the so-called base and lid. The base consists of two non-
ATPasee subunits (SI and S2) and six ATPase subunits, some of 
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whichh have been found to attach directly to the a-ring of the 20S 
complexx and whose probable function is to open the central channel. 
Thee ATPase subunits, too, are most likely to be involved in the 
unfoldingg of substrates and their translocation into the 20S central 
channell  (Braun et ah. 1999). The six ATPase subunits form a ring, 
inn which they interact in pairs: S4 binds to S7, S6b to S8 and S6a 
too SlOb (Richmond et al., 1997). Studies on the archaebacterial 
homologuee of the 19S base regulatory complex, PAN, indicate 
thatt the substrates are first unfolded at the surface of the ATPase 
ringg before being transported into the 20S proteasome (Navon 
andd Goldberg, 2001). In AD as well as in other neurodegenerative 
diseases,, immunoreactivity of the S6b ATPase subunit was found 
inn neurofibrillary tangles, plaque ncuri tes and neuropil threads 
(Fergussonn et al., 1996). 

Thee S5a subunit is a non-ATPase subunit that interacts with both the 
Hdd and the base of the 1 9S particle, stabilizing their interaction (Fu 
ett al., 2001). The S5a binds polyubiquitin chains at two independent 
bindingg sites in its C-terminus (Young et al.. 1998). Recognition 
off  polyubiquitinated chains is not likely to be restricted to the Soa 
subunit,, as this subunit is dispensable in yeast. The S6a subunit also 
bindss polyubiquitinated chains under modulation of ATP hydrolysis 
(Lamm et al., 2002). The lid of the 19S complex consists of eight non-
ATPasee subunits arranged in a disk-like shape. The function of the 
lidd subunits remains unclear, but they are essential for proteolysis 
off  ubiquitinated substrates. Isopeptidases are also present in the lid 
andd catalyze the release of free Ub (Lam et al., 1997). 

Thee proteasome degrades cytosolic proteins as well as proteins 
thatt fail to pass protein quality control in the ER. Misfolded proteins 
inn the ER are recognized by ER-specifie E3 ligases that mediate 
polyubiquitinationn of the misfolded protein on the cytosolic side of 
thee ER and are subsequently degraded by the proteasome (Hampton. 
2002). . 

Thee 20S proteasome can also be associated with one or two I I S 
(PA28)) particles, which consist of a- and p-subunits that can be induced 
byy interferon y (IFNy) and result in so-called immunoproteasomes. 
Thee association of I I S and 20S particles is thought to also lead to 
aa rearrangement of a-subunit chains, resulting in the widening of 
thee openings to the 20S barrel, thereby facilitating the access of 
substratess and the exit of peptide fragments at the other end of the 
proteolyticc chamber. In response to IFNy, hybrid proteasomes can 
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alsoo assemble into particles consisting of 20S proteasomes with a 
19SS particle at one end and an 1 IS particle at the other (Cascio et 
al.,, 2002). As a result of this switch in regulatory particles, there is 
ann increase in ATP-independent degradation of small peptides, but 
nott proteins (Whitby et al., 2000). In mammals, IFNy also induces 
changess in the 20S proteasome; the three catalytic p-subunits 
inn 20S particles are replaced by IFNy inducible subunits, namely 
LMP22 (pi l ) , LMP10 (pi2) and LMP7 (p5i) (Rivett et al., 2001). 
Proteasomess (not necessarily associated with I I S regulators) are 
referredd to as immunoproteasomes when they contain the inducible 
subunits,, as they are involved in cleaving peptides for MHC class 
II  (major histocompatibility complex 1) antigen presentation. MHC 
classs I mediated antigen presentation is responsible for displaying 
self-proteinss and intracellular viral proteins at the cell-surface. In 
thiss process, proteins are partially degraded to peptides by 26S, 
hybridd or immunoproteasomes in the cytosol (Goldberg et al., 2002). 
Eachh of the different types of proteasomes gives rise to a variety of 
peptides.. These peptides are further trimmed by TPPII peptidase 
andd aminopeptidases (Reits et al., 2004). The trimmed peptides 
aree subsequently translocated to the ER via the TAP transporter 
andd bind to MIIC class I receptor proteins for transport to the cell 
surface.. Oxidative modification might make proteins susceptible to 
degradationn by the immunoproteasome, facilitating peptide generation 
andd antigen presentation (Teoh and Davies, 2004). A significant 
increasee in LMP2 and LMP7 subunits was found in Huntington's 
diseasee (HD), indicating an induction of the immunoproteasome 
(Diaz-Hernandezz et al., 2003). This increase correlates with a rise 
inn 20S proteasome activity assayed with fluorogenic substrates that 
aree processed in a Ub independent manner. The immunoproteasome 
inductionn seemed to take place specifically in degenerating neurons 
inn both huntingtin transgenic mice (HD94) and HD patient brain 
extractss (Diaz-Hernandez et al., 2003). Also cell lines expressing 
polyglutaminee expansion constructs show an increase in LMP2 
subunitt expression (Ding et al., 2002). These results imply that 
thee immunoproteasome can be involved in neurodegenerat ion. 
Moreover,, LMP2 knock-out mice exhibit differences in brain function 
(Martinn et al., 2004) and non-toxic levels of oxidative stress cause 
ann up-regulation of immunoproteasome subunits in neurons (Ding 
ett al., 2003). Immunoproteasomes could also play a role in AD, as 
inflammatoryy processes are thought to be involved in AD pathology 
(McGeerr and McGeer, 2003). Hypothetically, an up-regulation of 
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immunoproteasomee subunits might lead to decreased functioning of 
26SS pro teasomes, and might thus contribute to the accumulation of 
ubiquitinatedd subs t ra tes. 

InIn summary, the following findings support a link between proteasome 
functionn and AD pathology: (i) the th ree catalyt ic activi t ies of the 
p r o t e a s o mee a re d e c r e a s ed in AD bra ins (Kel ler et al.. 2 0 0 0 a ), 
(ii )) AD affected brain areas display immunoreact iv i ty for the 1 9S 
subunitt S6b (Fergusson et al., 1996) and (iii ) S I, a non-ATPase 19S 
subunit,, and a5, a 20S proteasome subunit, were found to be down-
regulatedd in a gene expression profile of six AD patients (Loring et 
al... 2001). 

3.77 Ub-independent degradation 

T hee 26S p r o t e a s o me degrades polyubiqui t inated pro te ins, but is 
a lsoo known to ca ta lyze Ub-independent prote in degradat ion. The 
firstt protein shown to be degraded by the 26S proteasome in a Ub-
independentt manner was ornithine decarboxylase (ODC) (Murakami 
ett al., 1992 ). ODC requires A T P and ant izymc for its degradat ion 
(Coffino.. 2 0 0 1 ). T he target ing ro le of ubiqui t in is r ep laced by 
ant izyme,, which binds to ODC and contains an N-terminal domain 
thatt s t imulates its degradat ion by the 26S pro teasome. ODC itself 
alsoo contains a C-terminal region that promotes its recognition by the 
proteasomee (Murakami et al., 2000). Other examples of proteins that 
aree degraded by the proteasome in a Ub-independent manner are c-
Junn (Jariel-Encontre et al., 1995). calmodulin (Tarcsa et al., 2000), 
troponinn C (Benaroudj et al., 2001) and p53 (Asher et al., 2002 ). 
Hydrophobicc s t r e t c h es of amino acids in calmodulin and troponin 
CC might subst i tu te for Ub and be sufficient for recognit ion by the 
proteasomee (Benaroudj et al.. 2001). Artificiall y targeting a protein 
too the p ro teasome by bypassing the need for its ubiquitination, is 
sufficientt for degradation (Janse et al., 2004). For example, p21Cipl 
cann be degraded by the 26S as well as the 20S proteasome. p21Cipl 
wass thought to be degraded in a Ub-independent manner, because 
Lys-mutat ionss in the protein did not abolish its degradation (Sheaff 
ett al., 2000). However, p21Cipl is not degraded in a Ub-independent 
m a n n e r,, but r a t h er in a L y s - i n d e p e n d e nt m a n n e r. Appa ren t l y, 
p21C ipll  can be ubiquit inated at its N- terminus on res idues other 
thann Lys (Bloom et al., 2003). This ubiquitination mechanism might 
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alsoo apply to other proteins thought to be degraded independently of 
Ub. . 

20SS proteasomes are more abundant than any other proteasome forms 
inn the cell. Most unfolded proteins, short-lived regulatory proteins 
andd oxidatively damaged, misfolded, mutated, or otherwise damaged 
proteinss are susceptible to degradation by the 20S proteasome 
(Orlowskii  and Wilk , 2003). Oxidized proteins are particularly 
relevantt to neurodegenerative disorders, such as AD and ALS, and 
seemm to be degraded by the 20S proteasome in a Ub-independent 
mannerr (Grune et al., 2003). While mild oxidation was found to 
inactivatee the Ub-dependent system and 26S proteasome activity, it 
didd not affect the activity of the 20S proteasome. Furthermore, yeast 
strainss defective in 26S proteasome assembly or lacking the genes 
encodingg subunits of the 19S regulatory particle, are more effective 
inn degrading oxidized proteins than wild type strains CInai and 
Nishikimi,, 2002). In addition, cells with a thermolabile El enzyme 
effectivelyy degraded oxidized proteins in an ATP-independent 
manner,, and their degradation was blocked by proteasome inhibitors 
(Shringarpuree et al., 2003). 

Involvementt of Ub-independent protein degradation in 
neurodegenerativee diseases is supported not only by its link to 
oxidativee stress, but also by its relevance to the degradation of two 
inin vivo substrates of the 20S proteasome, namely the Parkinson's 
disease-relatedd unfolded protein a-synuclein (Tofaris et al., 2001) 
andd the Alzheimer's disease-related microtubule binding protein tau 
(Davidd et al., 2002). 
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44 A D PATHOGENESIS AN D THE UPS 

Yearss of debate have still not provided a conclusive answer to the 
Questionn of the order of events leading to AD pathology (Braak 
andd Del Tredici, 2004; Hardy, 2004; Mudher and Lovestone, 2002; 
Pricee and Morris, 2004: Schonheit et ah, 2004: Zhu et ah, 2004a; 
Zhuu et al., 2004b). There is major controversy in the field between 
so-calledd Baptists and Tauists. that each proclaim an exclusive 
initiatingg role for either A(3 or tau pathology in AD (Lee, 2001; 
Mattson.. 2004). The UPS is emerging as well as an important 
competitorr in the pathogenesis of AD. Over the years, evidence has 
accumulatedd for a primary role of Ap, preceding tangle formation. 
Ann argument in favor of this hypothesis is that Ap injections in 
FTDP-177 (frontotemporal dementia with parkinsonism linked to 
chromosomee 17) mice induce more severe tangle pathology (Gotz et 
al.,, 2001). Recent immunization clinical trials with anti-Ap antibodies 
inn AD patients have shown promising results, such as a decrease 
inn plaque load and in the speed with which dementia progresses 
(Hockk et al., 2003). However, the mechanism by which Ap is cleared 
remainss elusive and there are problems with inflammatory reactions 
duee to immunization. The large cohort of 300 immunized patients 
wass halted in 2002 because 17 of the patients developed aseptic 
meningoencephalitiss (Schenk, 2002). This response could not be 
successfullyy treated and thus remains a major concern for such 
therapies.. In a triple transgenic mouse model of AD, Ap immunization 
reducedd the amounts of Ap, resulting in a subsequent clearance of 
tauu pathology (Oddo et al.. 2004). These findings argue in favor of 
thee amyloid cascade hypothesis. 

Despitee the importance of Ap, there are also strong arguments for 
att least an equally important involvement of tau pathology. Tangle 
formationn seems to be a very important factor in the progress 
off  dementia, as it is characteristic of several types of dementia, 
collectivelyy named tauopathies. Mice that are transgenic for human 
AD-associatedd mutant APPon\y, show some phosphorylated tau 
imrnunohistochemistry,, but fail to develop paired helical filaments 
(PHFs)) (Sturchler-Pierrat et ah, 1997). In addition, hippocampal 
neuronss from homozygous tau knockout mice do not degenerate in the 
presencee of fibrillar Ap. while neurons of human tau transgenic mice 
orr of wild-type mice do (Rapoport et ah, 2002). Moreover, Ap also 
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accumulatess in senile plaques in normal human brains during aging 
(Funatoo et al., 1998), and insoluble Ap was found in young, healthy 
controll  subjects. In several studies, tangle pathology was found to 
correlatee better with the state of dementia in AD patients than with 
plaquess (Arriagada et al., 1992; Bierer et al., 1995; Giannakopoulos 
ett al., 2003). Overall, both amyloid and tau pathology seem to be 
cruciall  to the long process of developing AD. 

Ass mentioned earlier, the substantial role the UPS plays in AD 
pathologyy is increasingly recognized. For example, proteasome 
activityy wras found to be lower in AD brains than in age-matched 
controlss (Keller et al., 2000a; Lopez Salon et al., 2000). In 
addition,, high levels of Ub were detected in brain homogenates 
andd cerebrospinal fluid samples (both lumbar punctions and post 
mortem)mortem) of AD patients (Kudo et al., 1994). Moreover, protein 
inclusionss in AD brains generally contain ubiquitinated proteins 
andd are specifically immunoreactive to at least one of the 19S 
regulatoryy proteasome subunits, S6b (Fergusson et al., 1996). 
Thesee characteristics are not specific for AD, and are detected in 
otherr neurodegenerative diseases as well. Intriguingly, tau and Ap, 
thee two major players in AD pathology, as well as the mutant form 
off  ubiquitin, UBB+1, were found to alter proteasome activity. These 
findingss strongly support the relevance of altered proteasomal 
degradationn in AD. 

Tauu 4.1 

Tauu is a microtubule-associated protein of ~55 kDa. Besides playing 
aa role in the stabilization of axon microtubules, tau has also been 
shownn to interact with the actin cytoskeleton and plasma membrane 
andd to play a role in neurite outgrowth, enzyme anchoring and 
intracellularr vesicle transport regulation (Friedhoff et al., 2000). 
Thee tau gene (17q21) contains fifteen exons, which can give rise to 
sixx different isoforms through alternative splicing. The C-terminus of 
tauu contains three or four repeats, which constitute the microtubule 
bindingg domain (Buee et al., 2000; Spillantini and Goedert, 1998). 

Inn AD, tau is thought to be dissociated from microtubules because of 
itss hyperphosphorylation, which probably affects axonal transport. 
Hyperphosphorylatedd and abnormally folded tau accumulates in 
neuronss as paired helical filaments (PIIF), leading to neurofibrillary 
tangless (NFT) and eventually ghost-tangles. More than 25 potential 
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phosphorylationn sites have been identified in PHF-tau isolated from 
ADD brain, and multiple protein kinases appear to be involved in 
hyperphosphorylationn of tau, including GSK3p. cdk5, MAPK and 
PKAA (Geschwind. 2003; Johnson and Bailey, 2002; Morishima-
Kawashimaa et al., 1995). 

Althoughh tangles are to some extent also found in non-demented 
individuals,, tangle formation seems to be a rather late event in 
ADD and is also associated with other neurodegenerative diseases, 
collectivelyy known as tauopathies. A particular set of tauopathies, 
termedd frontotemporal dementia with parkinsonism linked to 
chromosomee 17 (FTDP-17), is caused by mutations in the tau gene. 
Inn these cases, mutations in tau seem to be sufficient to cause 
dementia,, and FTDP-17 brains lack Ap pathology. More than 25 
uniquee mutations in the tau gene were linked to neurodegenerative 
diseasess (Johnson and Bailey, 2002). However, tau mutations are 
nott linked to any known form of AD, supporting the notion that PHF 
formationn is a rather distal event in the disease process. 

Thee tau protein normally exists as an unfolded protein and was 
suggestedd to be degraded by the 20S proteasome in vitro, both from 
thee N to C and from the C to N-terminus (David et al., 2002). This 
impliess that tau, just like other unfolded proteins, can be degraded 
byy the 20S proteasome in an Ub independent manner. In PHFs, 
however,, tau was reported to be mono-ubiquitinated (Mor is him a-
Kawashimaa et al., 1993), but to our knowledge these results were not 
confirmedd by other studies, and the in vivo ubiquitination of normal 
tauu was not conclusively demonstrated. The monoubiquitinated 
formm of tau could hypothetically reflect a deubiquitinated state of 
polyubiquitinatedd tau. Phosphorylated tau extracted from AD brain 
wass recently found to be ubiquitinated in vitro by the E2 enzyme 
UbcHSBB and a CHIP/Hsc70 complex as the E3 ligase, the latter 
beingg immunodetected in tau aggregates (Petrucelli et al., 2004; 
Shimuraa et al., 2004). AD type tau phosphorylation seems to be 
thee recognition signal for the E3 ligase, resulting in the subsequent 
targetingg of tau to the proteasome. Although tau aggregates were 
detectedd in CHIP transduced cells, ubiquitination by CHIP rescued 
cellss from phosphorylated tau induced cell death. These findings 
suggestt that the soluble aberrant tau, rather than aggregated tau, 
iss toxic to cells. On the other hand, PHF-tau has been suggested 
too bind, and thereby inhibit, the proteasome in AD brain (Keck et 
al.,, 2003). Indeed, tau protein co-immunoprecipitated with 20S 
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proteasomee subunits. In addition, in that particular brain area, a 
positivee correlation was found between the amount of proteasome-
boundd tau and the extent of proteasome inhibition. PHF tau isolated 
fromm AD brain also significantly inhibited proteasomal activity in vitro 
(Keckk et al., 2003). This inhibition was caused by the aggregation 
ratherr than the phosphorylation state of tau. Other aggregated 
proteins,, like polyglutamine protein aggregates, were also reported 
too inhibit the proteasome (Bence et al., 2001). It is not clear if this 
phenomenonn is simply due to clogging of the proteasome or if other 
mechanismss are involved. 

Amyloidd p 4.2 

Amyloidd p CAp) is deposited as extracellular senile plaques in AD 
brain.. Apl-40 and Apl-42 are formed by sequential processing 
stepss of APP (Morishima-Kawashima and Ihara, 2002). APP can 
bee cleaved by a-secretase in the Ap domain, which results in the 
releasee of APPsa from the cell and the retention of a membrane 
boundd C83 fragment. If C83 is subsequently cleaved by y-secretase, 
thiss l iberates a y-stub into the cytosol and leads to secretion of 
p3.. In the Ap-forming proteolytic pathway, APP is first cleaved by 
P-secretase,, leading to secretion of APPsP and leaving C99 in the 
membrane.. Subsequently, y-secretase cleavage of C99 produces the 
400 or 42 amino acid Ap peptide. The two additional amino acids that 
distinguishh Ap42 from Ap40 are hydrophobic, rendering Ap42 more 
pronee to aggregation than the 40 amino acid form. 

P-secretasee cleavage is performed by BACE1 (p-site APP cleaving 
enzyme),, which is a type-I membrane bound aspartyl protease 
locatedd preferentially in endosomes and also in the Golgi apparatus 
andd ER (Huse et al., 2000). y-Secretase consists of a complex of four 
enzymaticc proteins, namely presenilin (PSEN), nicastrin, Aph-1 and 
Pen-22 (De Strooper, 2003). The familial mutations linked to AD in 
geness for APP, PSEN1 and PSEN2are all associated with increased 
Ap422 (and Ap40) production. The mutations in APP all flank the 
App region of the molecule, probably affecting p- and y-secretase 
cleavagee (Haass et al., 1994). More than seventy mutations in 
thee PSEN1 gene and six in the PSEN2 gene are linked to familial 
AD,, and they all lead to enhanced production of Ap42 (Borchelt et 
al.,, 1996; Jankowsky et al., 2004). Transgenic mice that express 
humann APP ané PSEN1 mutations develop amyloid depositions 
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andd impaired memory function, which are correlated to selectively 
reducedd expression of synaptic plasticity-related genes (Dicker et 
al.,, 2003). 

Presenilinss were also linked to the UPS. PSEX1 and PSEN2 are 
subjectedd to proteasomal degradation, most likely through ERAD 
(Eraserr et al., 1998; Kim et al., 1997). Moreover, Pen-2. another 
memberr of the y-secretase complex, is also a proteasomc substrate 
underr certain conditions (Bergman et al., 2004). PSEN is responsible 
forr the subcellular localization of Pen-2. In the absence of PSEN, 
Pen-22 failed to be transported to post-ER compartments, where 
furtherr assembly of the y-secretase complex occurs, was retained 
inn the ER. and was subsequently efficiently degraded by ERAD. 
Apparently,, PSEN regulates the levels of its binding partner Pen-2 
byy posttranslationally preventing its degradation by the proteasome 
(Crystall  et al., 2004). Hypothetically, proteasome inhibition would 
leadd to enhanced PSEN and Pen-2 levels, resulting in increased y-
secretasee activity and more Ap production. 

InIn vitro studies demonstrated that the C-terminal part of APP can 
alsoo be processed by the 20S proteasome, which decreased y-
secretasee processing (Nunan et al.. 2003). Together, these findings 
supportt the premise that an AD-associated decline in proteasome 
activityy would lead to increased y-secretasc APP processing, which 
wouldd result in elevated Ap levels. 

Thee origin and mechanism of Ap-mediated toxicity remain elusive. 
Bothh extracelluUm and intracellular Ap have been widely discussed as 
mediatorss of neurotoxicity. Most Ap, Ap40 in particular, is secreted 
fromm cells. However, there are several reports on the toxicity of 
intracellularr Ap, formed either by processing APP in the ER, leading 
too lysosomal Ap, or by endocytosis of extracellular Ap (Hartmann, 
1999;; Ida et al., 1996; Nagele et al., 2002; Pasternak et al., 2004). 
Inn addition, injected Apl-42 or cDNA-expressing cytosolic Apl-42 
wass found to be specifically cytotoxic to human neurons (Zhang et 
al.,, 2002). Moreover, several studies hypothesize that plaques are 
formedd by the remains of cells that died of Ap accumulation, and that 
actt as seeds for more aggregation of extracellular Ap (D' Andrea et 
al... 2002; D' Andrea et al., 2001; Pasternak et al., 2004). In human 
brain,, intracellular accumulation of Ap42 was found in neurons in AD-
vulnerablee brain regions of patients with mild cognitive impairment 
(Gourass et al., 2000). These intraneuronal accumulations seemed 
too precede tangle formation, as they were more numerous than 
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hyperphosphorylatedd tau-containing neurons. Moreover, the amount 
off  intracellular Ap staining decreased with increasing cognitive 
impairment,, possibly due to cell death. In transgenic mice carrying 
aa familial AD-associated mutant PSEN1, neurodegeneration was 
linkedd to a significant increase in neurons accumulating Ap42 
intracellular ,̂, while plaque formation was not detected (Chui et 
al.,, 1999). Intraneuronal accumulation of Ap was also detected 
inn a triple transgenic mouse model of AD expressing human tau, 
APRR and presenilin (Oddo et al., 2003). These mice show a defect 
inn synaptic plasticity that precedes extracellular accumulation of 
App and tangle formation. The defective synaptic plasticity was 
claimedd to be caused by intraneuronal accumulation of Ap, which 
wass detected as one of the first neuropathological manifestations, 
precedingg tangle and plaque formation. Moreover, Ap immunization 
inn these mice decreased the levels of both intra- and extracellular Ap 
and,, most intriguingly, also cleared early tau pathology (Oddo et al., 
2004).. The clearance of tau pathology in these mice was mediated 
byy the proteasome, which is a first indication of UPS involvement 
inn transgenic AD mouse models. Immunization-induced reduction 
off  Ap preceded the clearance of tau pathology, suggesting that Ap 
interferess with proteasomal activity, and its removal alleviates this 
impairment,, resulting in degradation of tau (Oddo et al., 2004). The 
mechanismm by which Ap mediates proteasome inhibition remains 
unclear. . 

Itt was reported earlier that Ap can bind to the 20S core of the 
proteasomee and inhibit its activity in a 20-200 jiM range in vitro 
(Gregorii  et al., 1995; Gregori et al., 1997). In vivo, however, a 
physicall  interaction between Ap and the proteasome seems unlikely, 
ass proteasomes are only located in the cytosol and nucleus (Wojcik 
andd DeMartino, 2003), while Ap is produced in the secretory 
pathway,, which means that its intracellular localization is mainly 
confinedd to processing or re-uptake compartments such as ER, Golgi 
apparatus,, endosomes and secretory vesicles. It is therefore unlikely 
thatt proteasome inhibition by Ap is caused by physical association 
off  Ap with proteasomes. Moreover, a small pool of cytosolic Ap 
producedd by ERAD-mediated translocation of ER localized Ap is 
degradedd by the proteasome rather than inhibiting it (Schmitz et 
al... 2004). Cytosolic Ap that might originate from Golgi apparatus 
deformation,, atrophy and disruption in AD (Stieber et al., 1996) is 
thereforee likely to be degraded by the proteasome as well. 
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AA study that presents a possible mechanism for indirect proteasome 
inhibitionn by Ap demonstrates that the toxicity of extracellular Ap 
inn neuronal cell lines is mediated by the E2 Ub-conjugating enzyme 
E2-25K/Hip22 (Song et al., 20O3). E2-25K expression was increased 
uponn Ap treatment, and antisense E2-25K cDNA abolished Ap-
inducedd toxicity. These findings seem to be biologically relevant, as 
thee E2 enzyme was also found to be up-regulated in AD brain and 
Swedishh mutant APPtransgenic mice (Tg2576) and co-localized 
withh Ap-immunoreactivity. E2-25K functions both as an E2 Ub-
conjugatingg enzyme and as an unusual Ub ligase to produce Ub-Ub 
andd unanchored poly-Ub chains, without further requirement of 
otherr E3 ligases (Chen and Pickart, 1990). Intriguingly, E2-25K 
iss also capable of ubiquitinating UBB*1 (Lam et ah, 2000). which 
accumulatess in AD brains. Other mechanisms that could mediate 
proteasomee inhibition indirectly by Ap are induction of ROS (Reactive 
Oxigenn species) (Kanski et al.. 2002; Miranda et ah, 2000), lipid 
peroxidationn products (Butterfield et ah. 2002; Shringarpure et al.. 
2000)) and mitochondrial dysfunction (Canevari et al., 2004). 

4.33 Mutant ubiquitin 

UBBMM is a mutant Ub resulting from molecular misreading of the 
ubiquitin-Bubiquitin-Bgenegene (Van Leeuwen et ah, 1998b). This mutant ubiquitin 
accumulatess in the neuritic plaques and tangles in AD patients 
andd in non-demented elderly controls with initial AD pathology. 
UBB+11 lacks the C-terminal Gly of wild type Ub and instead has a 
199 amino acid extension. This mutant Ub can be ubiquitinated but 
cannott be covalently attached to other proteins (Fig.2) (De Vri j 
ett ah, 2001; Lam et ah, 2000). UBBn behaves like an ubiquitin-
fusion-degradationn (UED) substrate and is therefore a target for the 
proteasome.. However. URBM is also a potent and specific inhibitor of 
thee proteasome (Lam et al.. 2000; Lindsten et ah, 2002). Proteasome 
inhibitionn by UBB + 1 requires a certain threshold concentration to 
bee reached, which implies that other pathogenic mechanisms that 
interferee with proteasomal degradation precede the accumulation 
off  UBB+'. As mentioned above, proteasome inhibition by Ap may-
bee mediated by its up-regulation of E2-25K (Song et ah. 2003). 
Ann increase in E2-25K levels would lead to a rise in ubiquitinated 
LIBBB + 1, which in turn would inhibit the proteasome and lead to 
neurodegeneration.. However, it is unlikely that the toxicity induced 
byy Ap and E2-25K is mediated only by UBB+:, as, to our knowledge, 
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accumulationn of endogenous UBB+1 protein has not been found in 
neuronall  cell lines (De Vrij , unpublished data). 

Alll  in all. due to its dual substrate/inhibitor properties, UBB+1 seems 
too be an endogenous marker for proteasome inhibition, not only 
inn AD but also in other (but not all) neurodegenerative diseases 
(Dee Pril et al., 2004; Fischer et al., 2003). UBB + 1 may therefore 
bee an important determinant of neurotoxicity, contributing to an 
environmentt that favors the accumulation of misfolded proteins. 

Oxidativee stress 4.4 

Manyy oxidized proteins and lipid peroxidation products accumulate 
inn AD brains, suggesting that oxidative stress is an important event 
inn AD CZhu et al., 2004a). For instance, as mentioned earlier, UCII-
L ll  was found to be oxidatively modified in a proteomics study of AD 
brainn (Castegna et al., 2002). 

Thee exact cause for oxidative stress in AD brain remains unclear. 
App is likely to contribute to the onset of oxidative stress in AD brain, 
ass Ap generates free radicals through metal-catalyzed reactions 
thatt result in neuronal death (Miranda et al., 2000). Free radicals 
peroxidizee membrane lipids and oxidize proteins. In general, such 
oxidizedd proteins are degraded by the proteasome. A relationship 
betweenn oxidative stress and proteasome function is supported by 
thee finding that the familial form of amyotrophic lateral sclerosis 
(ALS)) is associated with a mutation in the superoxide dismutase 
{SOD){SOD) gene (Rosen, 1993). Histological character ist ics of the 
diseasee are the presence of Bunina bodies, which are round 
eosinophilicc inclusions, and of Ub-immunoreactive filamentous skein-
likee inclusions in motor neurons (Van Welsem et al., 2002). SOD1 
normallyy scavenges oxygen radicals, thereby preventing oxidative 
s t ress.. Increased levels of oxidatively modified proteins and a 
parallell  increase in proteasome activity were observed in cell lines 
thatt stably express a mutant form of human SOD (Aquilano et al.. 
2003).. These cells were more sensitive to proteasome inhibition, 
whichh caused programmed cell death and accumulation of neuronal 
nitricc oxide synthase CnNOS). The proteasome activity of these 
cellss was, most likely, up-regulated to keep nNOS levels down and 
preventt oxidative stress-induced cell death. In a different study, 
proteasomee inhibition in cells expressing a mutant SOD form caused 
thee formation of aggregates containing ubiquitinated or nitrated a-
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tubulin.. SOD, a-synuclein and 68K neurofilaments. In these cells, the 
NOSS inhibitor L-XAM E prevented the viability loss and aggregation, 
suggestingg that nitration of proteins plays an important role in the 
observedd aggregation and cell death (Hyun et ah, 2003). 

Inn summary, there seems to be a cross-talk between proteasomal 
activityy and oxidative stress-related mechanisms, also involving 
aggregatee formation, at least in the familial ALS form caused by 
SODSOD mutation. The presence of oxidized proteins in AD is probably 
relatedd to proteasome function as well. The increased levels of 
oxidizedd proteins in AD are more likely to be caused by a preceding 
decreasee in proteasome activity, as a decline in proteasome function 
iss observed in AD brains, rather than an increase, as is the case in 
ALS.. In neuroblastoma cells however, oxidative stress can inhibit 
thee proteasome and proteasome inhibitors increase the toxicity of 
oxidativee stressors (Ding and Keller, 2001a). 

-l-Hydroxy-2-nonenall  (4-HNE) is an aldehydic product of membrane 
lipidd peroxidation, which is generated following exposure of 
neuronall  membranes to Ap\ 4-IIXE levels are significantly elevated 
inn cerebrospinal fluid of AD patients compared to control subjects 
(Lovelll  et ah. 1997). Interestingly, 4-HXE binds directly to tau and 
inhibitss its dephosphorylation {Mattson et a!., 1997). suggesting that 
4-HNEE is associated with tau hyperphosphorylation in degenerating 
neuronss in AD brain. This premise is supported by the finding that 
isolatedd PI IF from AD brain also contain IIXE-protein conjugates 
(Perezz et ah. 2002). Intracellular tau aggregates can be induced in 
SI1-SY5YY cells by adding okadaic acid (a phosphatase inhibitor) and 
4-HNEE (Perez et ah, 2002), suggesting that both phosphorylation 
andd oxidative modification arc required for tau filament formation. 
Furthermore,, the in vitro HXE modification of Ap augments its 
abilityy to inhibit the 20S proteasome (Shringarpurc et ah, 2000). 

4.55 ApoE 

ApoEE is the major lipoprotein within the CXS, where it is synthesized 
mostlyy by as t rocy tes. ApoE is critical for lipid transport and 
cholesteroll  homeostasis within the brain. There are three major 
isoformss of apoE - apoE2, 'A and 4 - which originate from three 
differentt APOE alleles [APOE E2, 3 and 4), and their combinations 
leadd to six possible genotypes. The prevalence of APOE E4 alleles 
iss associated with an increased risk of developing AD in a gene 
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dosage-dependentt manner (Corder et al., 1993; Poirier et al., 1993; 
Saunderss et al., 1993). The prevalence and number of APOE s4 
alleless also negatively affect the age of onset of AD and the pace of 
memoryy decline. In contrast, the APOE £2 allele is associated with 
aa decreased risk for AD and a delayed age of onset (Roses, 1995). 
Thiss difference may be explained by the reduced ability of apoE4 
too clear A(3 compared to apoE2 (Yang et al.. 1997). Amyloid plaque 
density,, modulation of Aj342 induced oxidation (Lauderback et al., 
2002),, decreased activity of neurons in the nucleus basalis in AD 
patientss and controls (Dubelaar et al., 2004; Salehi et al., 1998), 
membranee phospholipid metabolite alterations (Klunk et al., 1998), 
andd increased susceptibility to focal ischemia were all correlated in a 
dose-dependentt manner with APOE genotypes. Moreover, promoter 
polymorphismss and transcription alterations of APOE were also 
suggestedd to influence AD risk (Laws et al., 2003). 

ApoEE was shown to be degraded by the proteasome in macrophages 
andd hepatocytes (Wenner et al., 2001). Interestingly, neuron-specific 
intracellularr processing of apoE, preferentially apoE4, occurs in AD 
brainss and cultured neurons (Huang et al., 2001). The resulting 
cytosolicc fragment induces NFT-like inclusions and is associated 
withh increased tau phosphorylation (Brecht et al.. 2004). 

Thee low density lipoprotein receptor-related protein (LRP) is a 
receptorr for apoE that was also shown to mediate Ap clearance in 
ann apoE isoform-specific manner (Beffert et al., 1999). Proteolytic 
processingg of LRP by a y-secretase-like activity is directly related to 
thee proteasome, as the resulting cytosolic fragment is degraded by 
thee proteasome (May et al., 2002). In the light of all these results, 
itt would be interesting to investigate if the prevalence of APOE s4 
alleless is related to different levels of proteasome activity. 

UPSS and aging 4.6 

Thee strongest risk factor for developing AD is aging. During aging, 
manyy alterations occur in the brain that are not related to pathology, 
butt apparently provide an environment in which AD is more likely to 
develop.. The UPS is one of the systems that is also affected by normal 
aging.. Proteasome activity and expression are decreased in aged rats 
inn heart, kidney, lung and liver (Keller et al.. 2000b), and are most 
pronouncedd in the central nervous system (hippocampus, cortex and 
spinall  cord), with the exception of brain stem and cerebellum (Keller 
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ctt al., 2000b; Keller et al.. 2000c). Increased 20S proteasomc levels 
weree detected in age-related muscle atrophy (Husom et al.. 2004). 
Thiss increase was not due to more constitutive proteasomes, but to 
ann increase in immunoproteasomes. demonstrated by higher levels 
off  cytokine-induced p-subunits LMP2 and LMP7 in aged muscle. The 
totall  proteasome activity did not differ between ages, suggesting 
aa lower specific activity of individual proteasomes (Ilusom et al.. 
2004). . 

Oxidationn of proteins is considered a hallmark of cellular aging. As 
thee 20S proteasome is the major proteolytic enzyme responsible for 
removall  of oxidized proteins, the age-related changes in proteasome 
subunitt composition and activity probably relate to the oxidative 
statee of the t issue. Oxidative injury and lipid oxidation products, 
suchh as 4HNE. inhibit the in vitro activity of the proteasome (Keller 
ett al., 2000b). 

Otherr measurements of age-related changes in proteasome content 
orr activity have yielded varied results in many different t issues, 
rangingg from no change to decreased or increased amounts of 
specificc subunits. An interesting opportunity to gain further insight 
intoo the effect of age on proteasome activity will be to study aged 
transgenicc L'bi;7,iV-GFP mice, that allow monitoring proteasome 
activityy in vivo (Lindsten et al., 2003). 

Althoughh more research is required regarding AD pathology, all the 
resultss above show that aging might cause a cellular environment with 
decreasedd protein quality control capacity, which will favor a situation 
inn which AD-related mechanisms can lead to neurodegeneration. 

4.77 UPS, learning and memory 

Thee major clinical manifestation in AD is memory loss. Massive 
synapsee dysfunction, which occurs at an early clinical stage of 
ADD is detected particularly in the molecular layer of the dentate 
gyrus,, and correlates with cognitive impairment (Masliah et al.. 
1992;; Masliah et al.. 1991; Sze et al.. 1997; Terry et al., 1991). In 
addition,, neuroplasticity failure has been implicated in AD pathology 
(Mesulam.. 1999) and Ap was reported to have synaptotoxic effects 
inn wild type human APP transgenic mice (Mucke et ah, 2000). 
Intriguingly.. synaptic plasticity was added to the large number of 
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cellularr processes regulated by proteasomal activity (Cline, 2003; 
Hegdee and DiAntonio, 2002). 

Inn agreement with an important role for proteasome inhibition in 
neuronall  functioning, primary neurons seem particularly vulnerable 
too proteasome inhibition (Laser et al.. 2003; Pasquini et al., 2000; 
Qiuu et al., 2000). This is in contrast to neuronal cell lines, in which 
proteasomee inhibition induces neurite outgrowth rather than cell 
deathh (Giasson et al., 1999; Laser et al.. 2003). The postmitotic 
statee of neurons or the importance of UPS functioning for synaptic 
signalingg might explain this selective vulnerability to proteasome 
inhibition. . 

UPSS components are present in synapses and regulate synaptic 
plasticityy and transmission within a timeframe of several minutes. 
Moreover,, ubiquitin, El Ub activating enzyme, and proteasomes 
aree present in Xenopus retina growth cones (Campbell and Holt, 
2001).. In this system axon guidance factors induce the levels of 
ubiquitinatedd proteins to double within as littl e as five minutes. Mice 
thatt carry a mutation in E6-AP Ub ligase show impaired LTP and 
context-dependentt learning (Jiang et al., 1998). Interestingly, the 
humann Eff-AP gene (also known as UBE3A) is mutated in Angelman 
syndrome,, which is characterized by mental retardation (Kishino 
ett al.. 1997). Additional evidence for the involvement of the UPS 
inn memory formation was found in rats, where bilateral infusion 
off  the proteasome inhibitor Iactacystin into the CA1 region of the 
hippocampuss caused complete retrograde amnesia for one-trial 
inhibitoryy advanced learning (Lopez-Salon et al., 2001). 

Duringg insect metamorphosis the UPS is essential for reconstruction 
off  neuronal dendritic t rees and axonal projections (Watts et al., 
2003).. In Drosophila, inhibition of the UPS leads to accumulation 
off  Dune 13a, which regulates the strength of synaptic transmission 
throughh effects on synaptic vesicle priming. Excess Dune 13a results 
inn increased synaptic transmission in the neuromuscular junction 
(Speesee et al., 2003). DrosophiJa lines that over-express the 
deubiquitinatingg protease fat facets (faf) show synaptic overgrowth 
andd defects in neurotransmitter release (DiAntonio et al., 2001). 
Inn Aplysia, the UPS was found to play a role in both pre- and 
postsynapticc transmission. Proteasome inhibitors increased the 
glutamatee evoked response, neurite outgrowth, and the number of 
presynapticc boutons (Zhao et al., 2003a). 
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Al ll  t h e se s t u d i es re f lect the abil i ty of the UPS to dras t ica l ly 
influencee synaptic transmission and plasticity in a neuronal network. 
Changess in subs t ra te degradation can alter the number of synaptic 
boutons,, while endocy tos is of g lutamate recep to rs - which is also 
dependentt on pro teasome activity (Patrick et al., 2003) - regulates 
thee st rength of synapt ic transmission. These changes are of great 
impactt on the physiological s ta te of a neuron, because subs t ra te 
degradationn and endocytosis of receptors are not quickly reversible, 
lik ee phosphory la t ion for instance, but requ i re prote in t ranslat ion 
andd t ransport to be reversed. It looks lik e the UPS is well on its 
wayy to join phosphorylation as a common mechanism for regulating 
neuronall  activity. 

55 CONCLUDIN G REMARKS 

Althoughh further insights into the neuropathology of AD are rapidly 
beingg gained, it is still not clear what is causing the disease, how it 
cann be prevented or whether it can be cured. 

Researchh in the past feu years has focused on whether Ap*  or tau 
hass a more prominent role in AD pathology, although they are both 
indispensablee to the process of developing AD. Besides these two 
majorr p layers in the field, the LPS is emerging as a clear co-factor 
inn the deve lopment of AD. and in most o ther neu rodegenera t i ve 
d i s e a s e s.. A p p a r e n t l y, neurons a re par t i cu la r ly vu lnerab le to 
factorss that compromise UPS function. Th is might be due to the 
significantt role that the ITS appears to play in synaptic transmission 
andd p last ic i ty. However, it rema ins unc lear to what ex tent UPS 
aberrat ionss found in neurodegenerat ive d iseases are primary causes 
orr secondary phenomena that result from other causes. The latter is 
nott hard to imagine, as the UPS plays such an essential role in almost 
alll  p r o c e s s es that are essential for cell viability. One could argue 
thatt any severe alteration in one of these p rocesses would have an 
effectt on the UPS. Mutations in UPS components directly leading 
too neurodegenerat ion suggest a more prominent role in effectively 
caus ingg s o me of the d i seases. In PD. for ins tance, muta t ions in 
parkin,parkin, an E3 enzyme, seem to cause the major i ty of autosomal 
recess ivee early-onset PD cases. 
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ALSS neuropathology shows an interesting link between proteasomal 
activityy and oxidative stress-related mechanisms. This link might 
havee implications for AD, where oxidative stress is also strongly 
associatedd with pathology. In contrast to ALS, however, where 
oxidizedd proteins probably activate the proteasome. proteasome 
inhibitionn probably precedes the accumulation of oxidized proteins 
inn AD. 

Inn AD pathology, UBB+1 is a clear-cut example of an aberrant UPS 
component,, which compromises UPS function. However, because 
UBB+;; is also an efficient substrate for the proteasome, it seems 
moree likely that other factors besides UBB'] precede and cause the 
initiall  proteasomal inhibition in AD brain. After initial proteasome 
inhibition,, UBB+1 can accumulate and promote further proteasome 
inhibition.. The recent link between Ap-mediated toxicity and 
proteasomee activity, through the E2-25K enzyme and UBB+1. points 
too an even more prominent role of the UPS in AD pathology than 
wass previously thought. Moreover, in the last few years, many 
ADD pathology-related proteins were shown to be degraded by the 
proteasome:: tau, PSEN1 and PSEN2, the y-secretase component 
Pen-2,, apoE, oxidized proteins and the C-terminus of APP and of 
LRP.. The decrease in proteasomal activity detected in AD brain 
iss therefore related to all these different aspects of AD pathology. 
Inn addition, mostly in vitro studies demonstrated that the following 
moleculess impair proteasome function: UBB+ \ Ap, PHF tau and 
oxidizedd proteins. An overview of all proteins related to AD and 
thee UPS is listed in table 1. All these complex interactions make it 
difficul tt to hypothesize what is actually causing proteasome inhibition 
inn AD, and to what extent this proteasome inhibition is crucial to the 
developmentt of AD pathogenesis. However, there is strong evidence 
supportingg the premise that the UPS plays a central role in AD 
pathology.. Unraveling the temporal course of AD neuropathology is 
importantt in this matter. Studies of mouse models related to AD failed 
too address the contribution of the UPS to the neuropathology of the 
mice.. The recently described transgenic Ub''7lïV-GFP mouse provides 
aa model for monitoring proteasome activity in vivo (Lindsten et ah, 
2003).. Crossing these mice with mice carrying familial AD mutations 
wil ll  provide important in vivo information about the involvement of 
thee UPS in AD. 

Iff  proteasome inhibition is an early event in AD. we speculate that 
mutationss or a shift in subunit composition might be the cause 
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off  proteasome inhibition. So far. proteasome activity and subunit 
compositionn have not yet been correlated with the severity of AD 
pathology.. There is supporting evidence for a possible change 
inn subunit composition in several neurodegenerat ive d iseases. 
Forr example, altered subunit composition occurs in Huntington's 
d iseasee (Diaz-Hernandez et al.. 2003). Moreover, 19S subunit 
S6bb immunoreactivity was detected in several neuropathologies 
(Fergussonn et al., 1996). On the other hand, many of the other AD 
pathologicall  events, such as Ap and PI IF formation, were shown 
too inhibit the proteasome, which could therefore also be starting 
pointss of the proteasomal inhibition seen in AD. Accumulation of 
oxidizedd proteins and L'I3B"; probably follow rather than cause initial 
proteasomee inhibition. Once accumulated, however, these proteins 
aree likely to promote proteasome inhibition and neurodegeneration. 

Inn conclusion, although it is clear that alterations in UPS function are 
keyy factors in the final development of AD pathology, more research 
iss needed to elucidate the exact mechanisms and order of events 
concerningg the role of the UPS in AD. 
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