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Th ee origi n and mechanis m of actio n of UBB* 1 

Afterr finding GAGAG motifs to be hotspots for mRNA dinucleotide 
deletionss in rat vasopressin transcripts (Evans et al., 1994), ubiquitin-
BB +1 (UBB" ;) and amyloid precursor protein +1 (APP + :) were 
discoveredd in a search for aberrant mRNA's containing such GAGAG 
motifss in Alzheimer's disease (AD) (Van Leeuwen et al., 1998b). 
Thee mechanism that generates dinucleotide deletions in the mRNA 
remainss unknown. RNA polymerase slippage or posttranscriptional 
RNAA editing-type mechanisms are possible candidates for causing 
thesee mutations, but their frequency seems to be so low that detection 
off  the mechanism has proven to be extremely difficul t (Gerez, 
2005).. A genetic origin of the mutations was ruled out as extensive 
searchingg failed to reveal the dinucleotide deletions in DNA (Evans 
ett al.. 1994; Van Leeuwen et al.. 1998b). Despite the low frequency 
off  so-called molecular misreading, the proteins that result from 
thee mutant RNA clearly accumulate in AD. However, the aberrant 
mRNAss can also be found in brains of control individuals, and an 
increasee in molecular misreading - related to aging or AD could not 
bee detected (Gerez. 2005). The accumulation of +1 proteins in AD 
brainn is therefore likely to be caused by defects in protein quality 
controll  systems rather than RXA quality control systems. 

Forr UBB41 protein, this implies that the protein is probably always 
produced,, but normally is efficiently degraded. L IBB T ! indeed is 
aa subst rate for proteasomal degradation. More specifically, it 
behavess as a ubiquitin fusion degradation (LTD) substrate (Chapter 
3).. However, UBB41 is not a simple substrate, because at high 
concentrationss it specifically and potently inhibits the proteasome 
(Chapterr 3, (Li et al., 2004)). Eventually, high expression of UBB'1 

evenn induces apoptotic cell death (Chapter 2 and (De Pril et ah, 
2004)),, which is interesting in light of the putative apoptotic events 
inn AD brain (Anderson et ah. 2000; Cotman, 1998: Rohn et al., 2001; 
Suu et al., 1994). In summary, UBB*1 is capable of forming a negative 
feedbackk loop in the protein quality control system (UPS) that is 
responsiblee for its own degradation as well as for that of other 
aberrantt proteins, that accumulate as a result (for a review, see 
Chapterr 1). 

Ongoingg efforts are made to elucidate the exact mechanism by which 
UBBUU inhibits the proteasome. It is tempting to speculate that the 
aberrantt C-terminal part of UBB41 is responsible for its inhibitory 
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effect.. To elucidate this, we per formed expe r imen ts with the 20 
aminoo acid +1 peptide in proteasome activity assays in vitro. The +1 
peptidee did not seem to inhibit proteasome activity in these assays, 
althoughh these resul ts were not conclusive (data not shown). The 
insertionn of the UBI3 + 1 20 amino acid aberrant C-terminus at the end 
off  another proteasome substrate would indicate if the +1 moiety can 
causee stabilization of this protein and if the protein gains inhibitory 
capacityy towards the pro teasome. For instance, the nonfluorescent 
GFPP form used in Chapter 3 could be complemented with the +1 
moietyy at its C-terminus and studied in the GFP reporter-expressing 
neuroblastomaa cells. 

Al ternat ively,, the inhibitory capacity of UBB"1' could be concealed 
inn the length of the abe r rant C- te rminus, mean ing that it would 
simplyy be too short to allow proper insert ion into the p ro teasome 
channel.. Lengthening of the subs t ra te be tween the Ub moiety and 
thee +1 moiety would theoretically overcome this problem. However, 
enhancementt of the UFD signal, by adding more uncleavable Ub 
moiet iess at the front of UBB+1, surprisingly increased its inhibitory 
capaci tyy (Chapter 3), while o ther UFD prote ins are more rapidly 
degradedd after this procedure (Stack et al., 2000). Before completely 
rulingg out the length of UBBM as the cause for its inhibitory capacity, 
moree subs t ra tes should be studied. Hypothetically, application of a 
repeatt in be tween the N-terminus and the +1 moiety of UBB+ i or 
insertingg an N-end rule degron in front of the N-terminus might lead 
too conclusive answers without relying only on UFD-properties. 

Att the time of the in vitro exper iments in Chapter 2, it was believed 
thatt the lack of ATP-dependent degradation of UBBM indicated that 
UBB ' 11 was not a subst ra te for the pro teasome. We now know that 
UBB+11 in fact is a substrate for the proteasome in low concentrat ions. 
Inn re t rospec t, it can be concluded that the levels of recombinant 
UBB + II added to the in vitro r eac t i on most l ikely inhibi ted the 
proteasome,, thereby preventing its own degradation. 

U B BB + I and t h e ca ta l y t i c ac t i v i t i e s of t h e p r o t e a s o me 

Thee proteasome displays three catalytic activities, the (3-subunits 1, 
22 and 5 exhibit "peptidylglutamyl-peptide hydrolyzing" (PGPH). 
trypsin-likee and chymotrypsin-like activity respectively (see Chapter 
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11 for an extensive description of the proteasome). In AD. the PGPH 
andd the chymotrypsin-like activities were found to be down-regulated 
(Kellerr et ah, 2000a). 

UBBB + 1 mainly seems to inhibit the chymotrypsin-l ike activity, 
ass its degradation can largely be prevented by the proteasome 
inhibitorr epoxomicin, the prime inhibitor of this activity. However, 
inn our studies we noticed that UBB+1 transduction in cells that stably 
expresss LjbG7rv-GFP (a reporter for proteasome activity, see Chapter 
3)) induced higher accumulation of the reporter than epoxomicin 
t reatmentt alone (data not shown). This suggested that UBB + 1 

mightt also affect other activities of the proteasome. The different 
proteolyticc activities of the proteasome are subject to complicated 
allostericc interactions (Kisselev et al., 1999; Kisselev et al., 2003). 
Elucidatingg the effects of UBB + 1 on specific proteolytic activities 
off  the proteasome may provide more insight into the mechanism of 
inhibitionn and possibly into the variability in UBB"-effects between 
differentt systems. 

Inn preliminary experiments performed in our lab, we studied a 
varietyy of proteasome inhibitors. The proteasome inhibitor YU102 
specificallyy inhibits the PGPH activity of the proteasome (Kisselev 
ett ah, 2003; Myung et ah, 2001). This inhibitor was shown to 
inhibitt the degradation of PGPH substrates, but to have no effect 
onn general protein degradation (Myung et ah, 2001). Also Z-Val-
Ala-Aspp fluoromethyl ketone (Z-VAD-FMK ) (Sigma), a caspase 
inhibitorr that was reported to inhibit the chymotrypsin-like activity 
off  the proteasome (Beyette et al., 1998), was studied in UBB+1 

orr Ub(l7('v-GFP transduced neuroblastoma cells. Two days after 
transduction,, treatment of l.'BB'1 transduced cells with 50 mVI Z-
VAD-FMKK resulted in a significant increase (p = 0.003) in UBB41 

immunopositivee cells (Fig. 1). Cell death has not reached significance 
inn the UBB"1"1 transduced control group at this time (not shown), 
rulingg out a rescue of cell death as the cause for the increase in 
immunopositivee cells. This indicates that Z-VAD-FMK indeed inhibits 
thee proteasome, causing UBB + 1 to accumulate in more cells. The 
samee treatment in Ubt;:,;v-GFP transduced cells did not result in a 
significantt increase in GFP-poshive cells (Fig. 1). 

Z-VAD-FMKK did not affect the viability of UBB+1 transduced cells, 
evenn at later times (data not shown), in contrast to results with other 
caspasee inhibitors that do rescue cells from l.'BB+] induced apoptosis 
(Dee Pril et al., 2004). The caspase inhibitor used in the latter study 
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wass N-Acetyl-Asp-Glu-Val-Asp-al (Ac-DEVD-CHO), which inhibits 
caspase-3,, while Z-VAD-FMK is a more general non-selective 
caspase-inhibitor,, inhibiting capase-1- and -3-related proteases. The 
lackk of rescue from UBB+1 induced apoptosis by Z-VAD-FMK could 
bee caused by the dual effects of Z-VAD-FMK in UBB+1 transduced 
cells.. Since Z-VAD-FMK treatment leads to increased accumulation 
off  UBB+1, this will also induce more apoptosis, thereby masking a 
possiblee apoptosis-rescuing mechanism of Z-VAD-FMK. 

Fig .. I Z-VAD-FM K inhibits th e 
p r o t e a s o m e ,, causing a c c u m u l a t i o n 
o ff U B B * ' bu t no t o f U b G , 6 v - G F P . 
SH-SY5YY cells were transduced with IV-
UBB-- or LV-UbG"v-GFR Transduced cells 
weree treated with vehicle (c), 50 uM Z-
VAD-FMKorr 10 uMYU 102. Z-VAD-FMK 
treatmentt resulted in a significant increase 
inn the amount of UBB'1 accumulating cells 
(p=0.003). . 

Afterr treatment of LV-UBB +i-transduced cells with 10 u.M YU 102. 
aa trend towards an increase in the amount of immunopositive cells 
wass seen, while the GFP reporter did not accumulate after treatment 
withh this inhibitor (Fig. 1). as was also reported earlier (Myung 
ett al.. 2001). Although the effect on UBBH accumulation was not 
significantt with any concentration used, together with the Z-VAD-
FMKK experiments these results indicate that UBB+1 is processed 
differentlyy than the UFD GFP reporter protein and therefore does 
nott behave as a 'normal' UFD substrate. Future studies on this 
subjectt will require improved, highly specific inhibitors and control 
substratess for each of the three proteasome activities, which are 
currentlyy not available. 

UBB* 11 in human post m o r t e m c o r t e x cu l tu res 

UBB''11 has profoundly different effects in cell lines (Chapters 2. 3 
andd (De Pril et al.. 2004)) compared to rodent organotypical cortex 
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cul turess (Chapter 1) or in vivo express ion in mice (Fischer et al., 
2 0 0 3:: Van L e e u w en et al.. 1998b). C a u s es for this d i sc repancy 
mightt be d i f fe rences in the assemblage of p r o t e a s o m es be tween 
s y s t e m s,, d i f f e rences in the capaci ty d is t r ibut ion pa t te rn of the 
th reee catalyt ic act ivi t ies of the pro teasome, or di f ferences caused 
byy the p ro l i fe ra t i ve ve r sus postmi to t ic s ta te of t he t r ansduced 
cel ls.. A l te rnat ive ly, di f ferences in the contr ibut ion of lysosomal 
degradationn in maintaining protein homeostasis may also underlie the 
d iversee susceptibi l i t ies to proteasome-inhibit ing stimuli in different 
sys tems.. For subst ra tes other than I B B ' ; . it has also been described 
thatt the lysosomal system can compensate for degradation when the 
capacityy of the proteasome is no longer sufficient. 

Thee variable effects of CBB'- in different animal sys tems tempted 
tiss to study CBB+1 accumulation and proteasome activity in a setting 
re levantt for Al) . Wo performed pilot exper iments on fresh human 
postmortemm brain slice cultures of Al ) patients and control individuals. 
Brainn material was obtained at autopsy by the Netherlands Brain Bank 
(coordinatorr Dr. R. Ravid), and cultured according to a procedure 
developedd by Verwer et al. (Verwer et al.. 2002) (see legend of lug. 
22 for detai ls). Unfortunately, this complicated procedure yielded poor 
resul tss with low reproducibility. However, although discussion about 
thee ou tcome is purely speculat ive, the resu l ts of one exper iment 
withh a 64-year-old male control individual were promising and wall bo 
discussedd further. 

Afterr two days in culture, human brain slice cultures wore transduced 
withh lentiviral vec to rs encoding the p ro teasome repo r ter l b 
GPP.. GPP or UBB+1. Slices in the one successful pilot exper iment 

Fig. 22 Successfu l transductio n o f huma n pos t m o r t e m 
co r te xx cu l tur e w i t h LV-GFP . W i th in a maximum of 8 h 
postmortemm delay. 250 um slices of frontotemporal cortex were 
madee with a tissue chopper and put into culture free-floating in 
medium,, which consisted of Neurobasal A medium (Gibco). 
complementedd wi th 0,1 mg/ml vitamin C B27 supplement 
(Gibco),, 10 U/ml penicillin and 10 ug /ml streptomycin (Gibco). 
Lentivirall vectors were applied by dropping a 20 ul drop of 
mediumm containing 105 transducing viral parcicles on top of a dry 
slice,, which was replenished with medium after five minutes. At 
severall different times after transduction, slices were fixed for I 
hh in 4% formalin, after which they were stained free-floating as 
describedd previously for cortex slices of mice (Chapter 4), See 
Co lo rr f igures. 
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showedd nice transduction of cells with GFP, some of which had clear 
neuronall  morphology (Fig. 2 ). Transduct ion of s l ices with UBB~: 

inn this exper iment surpr is ingly resu l ted in many immunoposi t ive 
cells,, while this was never observed in cortex slices of mice. UBB+1 

immunopos i t i vee cel ls had a la rge and unusual a p p e a r a n ce (Fig. 
3 ).. Some resembled neurons, while o thers looked more like large 
atypicall  ast rocytes. The emergence of U"BB+1 immunostaining in the 
sl icess indicates that these cells must have suffered from impaired 
proteasomall  activity or are very sensi t ive to proteasome inhibition 
byy UBB+1. However, if many cells already suffered from impaired 
proteasomall  activity in the sl ices, one would expect more posit ive 
ce l lss after t ransduc t ion of s l i ces with UbG 7 6 x-GFP. Ins tead, only 
ve ryy few posi t ive cel ls w e re found: t h ree cel ls in two s l ices to 
bee prec ise, suggest ing that p ro teasomal activity is intact in most 
t ransducedd cel ls. However, t hese cel ls may have had only slight 
pro teasomee inhibition, which would tr igger UBB+ ' accumulation but 
iss still sufficient to degrade UbG76V-GFP. 

AA subset of t ransduced s l ices w as t rea ted with the p r o t e a s o me 
inhibitorr epoxomicin. Theoretical ly, this should lead to accumulation 

Fig.3.Transduct io nn o f huma n 
pos tt  m o r t e m cor te x culture s 
w i t hh L V - U B B "  result s in 
accumulatio nn of UBB* 1 in larg e 
cells .. Ubi3 staining for UBB" (red) 
TO-PROO staining for nuclei (blue). 
Seee Colo r figures . 

off  endogenous UBB+I as well as accumulation of the induced UBB+1 

orr UbG76V-GFP. Accumulation of endogenous UBB'' was not observed, 
butt cells that accumulated UBB+! after epoxomicin treatment seemed 
too be dying (Fig. 4 ), indicat ing that UBB4 ' -accumulat ing cel ls in 
humann c o r t ex s l i ces might indeed be v e ry vu lne rab le to acu te 
UBB+1-inducedd toxicity. UbG76v-GFP did accumulate after proteasome 
inhibit ionn by epoxomic in: 17 ce l ls in two s l ices w e re o b s e r v ed 

''  li 
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(Fig.. 4), which indicates that proteasomes were still active in these 
postmortemm cultures. Unfortunately, these intriguing results could 
nott be replicated due to technical restraints, meaning that no final 
conclusionss can be drawn from these preliminary experiments. A 
totall  of five patients were studied: two controls, two Alzheimer's 
andd one Pick's disease patient (table 1). The slices of only one 
controll  individual showed successful lentiviral transduction. In slices 
off  the other four patients, no immunopositive cells of any of the 
constructss were observed. Different culture treatments (e.g. types 
off  media during transport and culture, refreshment etc.) and times of 
transductionn and fixation did not improve the results, and these pilot 
experimentss were too few to be correlated to postmortem delay, 
age,, pH or sex. As these experiments are very time-consuming and 
thee variables that determine success could not (yet) be determined, 
thesee exper iments were not continued. However, it would be 
mostt interest ing to study these cultures further, as they form 
ann ideal system to study proteasomal activity in human disease-
specificc material. With the combined use of viral transduction and 
ir-- or reversible proteasome inhibitors, proteasomal activity can be 
monitoredd and manipulated, in addition to conventional proteasome 
activityy assays - such as the fluorescent peptide assay (Keller et al., 
2000a).. Working with human post mortem material is complicated 
sincee many variables cannot be controlled. The starting condition 
off  the cultures is variable, due to disease, post mortem delay etc., 
andd the viability of the slices is highly vulnerable in culture. For 
efficientt transduction, a high viability of the slices is essential. As 
wass also shown in Chapter 4, different viral vectors (i.e. lentivirus 
vs.. adenovirus) can have profoundly different effects, for instance in 
mousee cortex slices. Moreover, efficient transduction also depends 
onn cell surface receptor expression complimentary to the virus with 
whichh transduction is achieved. According to literature, Semliki 
Forestt Virus (SFV) is highly capable of transducing neurons in 
organotypicc cultures in a short timescale. whereas lentiviral vectors 
takee much longer to express the protein of interest in neurons 
(Ehrengruberr et al., 2001). SMV is highly cytotoxic, but novel SMV 
vectorss have been developed that are less cytotoxic (Lundstrom et 
al.,, 2003), and especially in acute experiments these might prove 
too be an excellent tool to transduce neurons in human post mortem 
cultures. . 
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Fig. 44 P r o t e a s o m e act iv i t y 
iss  funct iona l in on e p i lo t 
e x p e r i m e n tt  o f h u m a n pos t 
m o r t e mm cor te x cultures . UBB' 
accumulationn seems t o be highly . , O D t ; 

LL II 1 1 U b b 

toxicc in these cells. Human post 
mo r temm cor tex cultures were 
transducedd wi th LV-UBB" or LV-
UbG76v-GFPP and subsequently treated 
withh I uM epoxomicin. UbG/6 '-GFP 
(green)) accumulated in 17 cells 
totall in 2 slices, as opposed to 3 
cellss in the contro l situation. The 
amountt of UBB* accumulating cells U b ' - G F P 
(red)) decreased after epoxomicin 
treatmentt an they had a less healthy 
appearancee than in the cont ro l 
situation.. See Colo r figures . 

-- epox + epox 

N H B n r r 

022 101 

03-004 4 

03-017 7 

03-026 6 

03-074 4 

Pa tho logy y 

C C 

AD D 

AD D 

Pick's s 

C C 

Sexx 1 A g e (years ) 

M M 

F F 

M M 

F F 

F F 

64 4 

80 0 

68 8 

54 4 

61 1 

Postt m o r t e m de lay (h) 

8,5 5 

6,2 2 

6 6 

5,4 4 

5 5 

pH H 

6,2 2 

7 7 

6,7 7 

6,2 2 

nd d 

Tablee I 

W h yy does U B B + I accumula te in d i f f e ren t cel l types in d i f fe ren t 
diseases? ? 

UBB+11 accumulates in several different neurodegenerative diseases 
(Dee Pril et al.. 2004; Fergusson et al.. 2000: Fischer et al.. 2003). as 
wellwell in as non-neurological diseases, such as chronic liver diseases 
(Rileyy et al., 2002). Interestingly, tauopathies are characterized 
byy UBB+1 accumulation, while synucleinopathies are devoid of 
UBB~;; accumulation (Fischer et al.. 2002)). Also cell types that 
accumulatee UBB+- in these diseases differ. In Al) , UBB+1 is mostly 
presentt in neurons. However, in progressive supranuclear palsy, glia 
accumulatee UBB+i as well (Fischer et al.. 2002)). These differences 
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inn UBB + 1 accumulation probably reflect a difference in vulnerability 
too proteasome inhibition of the different cell types in these diseases. 
Moree speci f ica l ly, d i f fe rences in the compos i t i on and di f ferent 
proteolyt icc activit ies of the proteasome in each disease and cell type 
mightt also account for the di f ferences. In PD for instance, loss of 
proteasomee a-subunits was found (McNaught et al., 2002), and also 
dec reasedd p ro teasome activity in the substant ia nigra (McNaught 
ett al., 2 0 0 3 ), UBB"11 however, does not accumulate in PD. Future 
r e s e a r chh wil l n e ed to elucidate t h e se dif ferent vu lnerabi l i t ies to 
proteasomee inhibition. 

Sincee neurons are post-mitotic cells, they might be more vulnerable 
too proteasome inhibition than other cells. Primary neuronal cultures, 
forr instance, are known to be highly sensit ive to proteasome inhibition 
(Laserr et al., 2 0 0 3; Pasquini et al., 2000; Qiu et al., 2000 ). In our 
labb we per fo rmed prel iminary expe r imen ts to e luc idate poss ib le 
differencess in sensit ivity to proteasome inhibition between cell types 
inn organotypic cor tex slice cultures of Ub, ,7'v-GFP mice (Lindsten et 
al.,, 2003 ). The advantage of this sys tem is that all cell t ypes can 
bee compared in the same environment. Different concentrat ions of 
thee proteasome inhibitor epoxomicin were applied to sl ices, ranging 
fromm 100 n\'I to 1 jaM (Fig. 5). Although a concentrat ion-dependent 
inc reasee in the amount of GFP accumulat ing cel ls in general was 
observed,, unfortunately, no differences in GFT posit ive cell t ypes 
couldd be observed. In fact, neurons did not seem to accumulate the 
repor terr at all (Fig. 5 ). This could not be due to a lack of t ransgene 
expressionn in neurons, since, the t ransgene of the Ubl '7-,V-GFP mouse 
wass designed under control of a CMY-p-actin promoter. Theoretically, 
thiss should mean that all cell types in the brain are able to express 
thee GFP repor ter. Moreover, primary neuron cultures of these mice 
havee previously been shown to exp ress the repor ter (Lindsten et 
al.,, 2003). Alternatively, the lack of GFP accumulation in neurons in 
organotypicc cor tex slice cul tures could be caused by a differential 
permeabil ityy of cell types to the proteasome inhibitor. More research 
iss needed to answer these questions. Future studies in aged Ubt;7,'v-
GFPP transgenic mice might elucidate whether the GFP repor ter wil l 
accumulatee in the brain due to aging-induced pro teasome inhibition 
andd if neurons display increased vulnerability to this inhibition. 
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Fig. 55 N o concen t ra t ion -dependen t di f ferenc e be twee n cel l type s in vulnerabi l i t y t o p ro teasom e 
inhibition .. Transgenic UbG '"-GFP mouse cortex cultures were treated with epoxomicin in concentrations of A 100 
nM,, B 500 nM. C I uM. Cultures were stained for the neuronal marker NeuN (red).TO-PRO (blue) and GFP (green). 
Seee Colo r figures . 

W h a tt are the mechanisms t h a t cause in i t ia l 
p ro teasomee inh ib i t i on in AD? 

Sincee UBB+ 1 is a s u b s t r a te for p ro teasomal degrada t ion at sub 
thresholdd levels (Chapter 3, 4 ), it is not likely that UBB^1 forms 
thee pr imary cause of p ro teasome inhibition in AD. There fo re, we 
decidedd to look for other AD-related mechan isms that could form 
thee initial t r igger for inhibition and would thus, with UBB+1, have 
aa synergis t ic effect on p ro teasome activity. In our view, the most 
likelyy candidates to play such a role we re i) the in termedia tes of 
. \pp 10 and Ap4 2 pept ide agg rega tes, ii ) tau, phospory la ted forms 
off  tau or paired helical filament tau and iii ) oxidative s t ress. These 
threee candidates all have been implicated to inhibit the proteasome 
inin vitro. 

Amyloidd ft 

T hee e f fec ts of cy toso l ic Ap pep t ide w e re ex tens i ve ly s tud ied 
inn Chap ter 5. Our finding that cy toso l ic Ap d o es not inhibit t he 
proteasomee is contradictory to in vitro (cell-free) resul ts that were 
describedd earlier (Gregori et al.. 1995: Gregori et al.. 1997). To be 
ablee to inhibit the proteasome physically, Ap must be in close contact 
withh the p ro teasome. which is p resent in the cytosol and nucleus 
(Wojcikk and DeMartino, 200?)). However, in vivo it is unknown if 
App as such is present in the cytosol, since Ap is normally c leaved 
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fromm APP in the secretory pathway. Mechanisms that could explain 
thee di f ference between a possible stable form of cytosol ic Ap and 
thee Ap produced by our fusion cons t ruc ts need further study. For 
instance,, if Ap would reach the cytosol through ERAD (Buckig et al.. 
2002:: Schmitz et al.. 2004). then perhaps the sec re tase c leavage 
itt undergoes before release can modify the peptide in such a way 
thatt it becomes stable or can form aggregates. Other explanat ions 
forr a stable form of cytosolic Ap could be stabilizing modifications 
occurr ingg in the ER or chaperone-bound transport from the ER. which 
mightt protect the Ap from degradation. In light of the latter theory, it 
iss interest ing that intracellular Ap peptide containing a signal peptide 
wass recent ly found to interact with several chaperones, localized in 
thee ER or in the cytosol (Fonte et al.. 2002). 

Alternatively,, our fusion construct (for details see Chapter 5) might 
induce?? a cytosolic form of Ap that is more susceptible to degradation, 
duoo to intrinsic propert ies of the construct. Hydrolase cleavage of 

LV-HA-A| i422 LV-HA-A|W0 

Fig.66 In jec t ion o f AG fusion p ro te i n lent iv i ra l vec to rs in ra t h i ppocampus resul ts in very few posi t ive 
cellss t h a t have a l t e red morpho logy . Adult Wistar rats were injected with Sx lO'TU LV-HA-Ub-ABI-40 or LV-
HA-Ub-ABI-422 in 0.9 ul saline solution (0,2 ul/min) and coinjecced with 0.1 pi with 8x10sTU LV-GFP. After perfusion. 
500 urn thick coronal vibratome sections were stained for anti-HA (red), GFP (green) andTO-PRO (blue). See Co lo r 
f igures. . 
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thee fusion protein might, for instance, allow direct degradat ion of 
thee Ap-part of the protein. In our expe r imen ts whe re hydro lases 
successful lyy cleaved the fusion proteins, nei ther the fusion protein 
itselff  nor the Ap-part was found back, as if the Ub hydrolase itself 
immediatelyy degrades the Ap-part of the protein in the p rocess of 
cleavingg the fusion protein. Control exper iments with inhibitors of 
Ubb hydrolase, such as Ub aldehyde (Hershko and Rose. 1987) wil l 
havee to elucidate this matter. 

Injectionn of LV-HA-Ub-Apl-4 0 and LV-HA-Ub-l-Ap4 2 in hippocampi 
off  wild-type rats, revealed very littl e IIA-tag positive cells, although 
thee co-injected LV-GFP construct was evident ly p resent (Fig. 6). 
Thee few HA-tag positive cells that were observed, displayed severe 
membranee blebbing and seemed to be unhealthy. 

Fig. 77 Transduc t io n o f o rgano typ ica l mous e 
co r te xx slic e cu l ture s w i t h lent iv i ra l vec tor s 
encodin gg AB fusio n proteins . A anti-HA staining 
off LV-HA-Ub-AI3l-42 transduced cortex slice. B 6EI0 
positivee cell in LV-HA-Ub-ABI-42 transduced slice. 
Manyy HA-tag positive cells were observed, in contrast 
too LV-injections in rat hippocampus. However, only 
veryy few AB positive (6EI0) cells were observed, of 
whichh some seemed to form aggregates. See Colo r 
figures . . 

Al ll  this led us to believe that in the t ime-course of the exper iment, 
thee transduced cells had died. Xo differences were observed between 
Ap i -400 or Ap i -42 injections and the Ap-scrambled condition was 
lostt in this exper iment, which means we cannot conclude that the 
postulatedd cell death is caused specifically by Ap l -42 or Ap l -40. 
Moreover,, in organotyp ic cor tex slice cu l tu res of mice this toxic 
effectt was not observed, demonstrat ing many IIA-tag positive cells 
af terr LV-HA-Ub-Ap i -4 2 t ransduc t ion (Fig. 7 A ) . In o rgano typ ic 
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cortexx slice cultures of Ubi;:'';v-GFP transgenic mice, no accumulation 
off  GFP was observed in LV-HA-L~b-Apl-42 transduced cells (not 
shown).. After epoxomicin treatment, an occasional cell with 6E10-
(aa mononclonal antibody recognizing Ap) and GFP-positive inclusions 
wass observed (Fig. 713). However, these results were not conclusive 
andd need further study. 

Alll  together, the results with this cytosolic form of Ap indicate that 
prudencee is called for when interpreting results with artificially 
inducedd forms of cytosolic Ap. Interesting as they may be, any 
inin vitro cell-free resul ts that show that Ap binds and inhibits 
thee proteasome (Gregori ct al., 1995; Gregori et al.. 1997), any 
implicationss of oxidatively modified Ap having an even more 
pronouncedd effect on proteasome activity (Shringarpure et al.. 
2000)) or any demonstrations of extracellular applied Ap as a target 
forr proteasomal degradation (Lopez Salon et al., 2003) are all 
physiologicallyy irrelevant if Ap in vivo is never located in the cytosol 
orr nucleus and thus never in proximity of proteasomes. Re-uptake of 
extracellularr Ap could also be a way for Ap to get into the cell (Ida 
ett al., 1996; Nagele et al.. 2002). However, internalized Ap is most 
likelyy directed to endosomes for degradation, and will therefore not 
reachh the cytosol either. 

Moreover,, much is still unknown about modifications and 
aggregationall  states that modulate toxicity of the Ap peptide (Kayed 
ett al., 2003; Lashuel et al.. 2002). Our results indicate that Ap 
peptidee in the cytosol, should it ever get there, wil l be rapidly 
degraded,, and therefore suggest that cytosolic Ap does not inhibit 
thee proteasome. 

Extracellularr Ap was also implied to inhibit the proteasome indirectly 
(Songg et al.. 2003). Interestingly, this mechanism was mediated 
byy the E2 enzyme E2-25K/Hip-2. E2-25K/Hip-2 ubiquitinates 
L'BB+1,, which could explain the proteasome inhibition induced by 
extracellularr Ap. However, Ap is also found in plaques in individuals 
withoutt AD and in diseases where no accumulation of UBB*1 is found, 
whichh implies that Ap does not necessarily inhibit the proteasome 
throughh UI3B+1. 
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Tau u 

Abnormall  tau is the main const i tuent of neurofibri l lary tang les in 
AD.. Th is microtubule assoc ia ted prote in accumu la tes in tang les 
inn a hyperphosphory la ted form that agg rega tes as paired helical 
f i lamentss (PI IF). T h e se P H Fs w e re recen t ly found to bind and 
inhibitt the proteasome (Keck et al.. 2003). Both PHFs, isolated from 
ADD brain and PHFs assembled in vitro, had this effect on isolated 
p r o t e a s o m e s.. On the o ther hand, normal unfolded tau has b e en 
implicatedd to be a subst ra te for the 20S pro teasome (David et al.. 
2002)) in a bidirectional and Ub-independent manner. To elucidate if 
tauu might be responsible for initial proteasome inhibition in Al) . we 
madee use of two vectors encoding normal human four repeat (IK ) tau 
(xwt)) and a 4R mutant form of tau (xP301L) (kindly provided by P. 
Heutink,, VU medical centre. Amsterdam). The mutant form of tau is 
associatedd with frontotemporal dementia and Parkinsonism linked to 

Tauu wt Tau P301L 

-- epox 

Fig. 88 N o di f ference s in t ransduc t io n 
eff ic ienc yy o r m o r p h o l o g y b e t w e e n 
L V TT an d L V T P 3 0 I L cells . SH-SY5Y cells 
weree transduced with LVT or LV-P30IL and 
subsequentlyy stained wi th tau5a6 antibody 
(Developmentall studies Hybridoma Bank, 
red).Treatmentt of transduced cells with I 00 
nMM epoxomicin overnight, resulted in a slight 
increasee in immunopositive cells. See Co lo r 
figures . . 

chormosomee 17 (FTDP-17) and is known to induce tangle formation 
inn mice (Gotz et al.. 2001; Lewis et al., 2000). Human neuroblastoma 
cellss stably t ransfected with the Ubr,7l'A-GFP pro teasome repor ter 
(Dantumaa et al.. 2000b: L indsten et al.. 2002) we re t ransduced 
wit hh lent iv iral v e c t o rs encod ing the two t y p es of tau. T h e se 
prel iminaryy exper iments resul ted in many positive cells, indicating 
highh transduction efficiency (Fig. 8). No differences in transduction 
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Fig. 99 L V T P 3 0 I L doe s no t lead t o proteasom e inhibitio n in 
Ub G 7 6 V -GFPP transgeni c mous e organotypi c corte x slices . 
Cortexx cultures were transduced with L V T P 3 0 I L and subsequently 
stainedd wi th tau5a6 (red). GFP (green) antibodies andTO-PRO 
(blue).. :P30 I L expression did not induce accumulation of the GFP 
reporterr and therefore does not seem to inhibit the proteasome. 
Seee Colo r figures . 

efficiency,, cell survival or cell morphology were observed between 
thee two constructs. In our exper iments, when transduced cells were 
t reatedd with the proteasome inhibitor epoxomycin, a slight increase 
inn the amount of posit ive ce l ls was obse rved (Fig. 8), indicating 
thatt in our s y s t em tau might be deg raded by the p r o t e a s o me to 
somee extent. Again, no differences were observed between the two 
const ructs.. Transduct ion with neither of the two constructs resulted 
inn accumulat ion of the GFP repor ter, indicating that in this sys tem 
ne i therr so lub le wil d type nor mutant F T D P - 17 tau inhibited the 
proteasome. . 

T r a n s d u c t i onn of o rganotyp ic c o r t ex c u l t u r es of Ub(" ' ; x -GFP 
t ransgenicc mice with the tau lentiviral const ructs resulted in many 
tauu immunoposit ive cells, but also in this system, no accumulation of 
thee GFP repor ter was observed (Fig. 9). 

Ourr resul ts are in contrast with studies that show" altered morphology 
andd induct ion of apoptos is in T P 3 0 1L t ransduced SH-SY5Y cel ls 
(Zhaoo et al.. 2003b). Nevertheless, other studies have also observed 
thatt t ransduc t ion of neurob lastoma cel ls with mutant tau did not 
resultt in aggregation of tau or filament formation (Ko et al., 2002: Lu 
andd Kosik. 2001: Sahara et al., 2000). According to l i terature, only 
PHFF tau is capable of inhibiting the proteasome (Keck et al.. 2003). 
Forr now. we can conclude that soluble wild type tau and soluble 
P301LL mutant tau in the cytosol do not inhibit the p ro teasome. at 
leastt not to an extent that causes accumulation of the GFP reporter. 
Accordingly,, since PHF formation is probably a rather distal event 
inn Al ) pathogenesis, combined with our results with soluble tau. it is 
nott likely that tau pathology is responsible for the initial proteasome 
inhibitionn and UBB+1 accumulation in AL). 



DISCUSSIONN | 4 | 

Oxidativee stress 

Anotherr mechanism that applies for a role in initial proteasome 
inhibitionn in AD is oxidative s t ress. Multipl e lines of evidence 
demonstratee a clear involvement of oxidative s t ress in AD 
pathogenesiss (Castegna et al., 2002; Lovell et al., 1997; Miranda et 
al.,, 2000; Zhu et al.. 2004a). Interestingly, in our studies H 02-induced 
oxidativee stress was found to increase the inhibitory effect of UBB + 1 

inn neuroblastoma cells synergistically, at concentrations that did not 
inducee inhibition of the proteasome by itself (Fig. 10). 100 [iM H.,0., 
wass applied to SH-SY5Y cells that stably express the proteasome 
reporterr construct UbG76V-GFP. Although this concentration did 
nott induce accumulation of the GFP reporter by itself. 100 JIM 
H.,0,, together with UBBn resulted in a significant increase in GFP 
accumulatingg cells compared to untreated UBB + 1 transduced cells. 
However,, with hindsight, in the ser ies of experiments in which 
thesee results wrere consequently found, cells were treated with 
miscalculatedd antibiotic concentrations. The antibiotic used for 
selectionn of stably transfected reporter cells, geneticin, was used 
inn almost twice the concentration needed for selection. Therefore, 
thesee cells were in a worse physiological state than normally. 
Thee differences in the amount of UBB + 1-positive cells between 
experimentss also indicates the high variability and sensitivity of 
UBB+11 accumulation. The experiments were then repeated in healthy 
reporterr cells, with several oxidative stress inducing compounds: 
tert-butyl-hydroperoxidee (tBHP), 4-hydroxynonenal (4HNE) and 
H?02.. Unfortunately, neither of them showed similar results as in 
thee experiments with the mistreated cells. Apparently, in previous 
experimentss the worsened physiological state of the cells made them 
moree vulnerable to UBB+1 toxicity combined with oxidative stress. 
Oxidativee stress induction alone however, never had any effect on 
thee cells, including the mistreated cells. There are many indications 
inn literature that oxidative stress might indeed inhibit proteasomal 
degradationn (Ding and Keller, 2001a; Reinheckel et al., 2000). Our 
results,, however, suggest that the proteasome reporter system we 
usee is not affected by oxidative stress. Monitoring degradation of the 
GFPP reporter is a very indirect way of measuring proteasomal activity. 
Itt is not known exactly by which exact proteasome conformation or 
byy which of the three proteolytic activities the reporter is degraded. 
Theirr proteasomal degradation is likely to involve 19S activity as 
UFDD substrates are ubiquitinated preferentially at Lys29 or Lys48 
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(Johnsonn et al.. 1995). The 26S proteasomc is thought to be more 
susceptiblee to oxidative stress than the 20S proteasome (Ding et ah. 
2003:: Reinheckel et al.. 2000). which suggests that oxidative stress 
mightt interfere with degradation of the reporter. However, the 
reporterr apparently is such an efficient substrate for the proteasome 
thatt other toxic events induced by oxidative st ress are limiting, 
causingg cell death before accumulation of the reporter. Interestingly. 
UBB+:: expressing cells were recently found to be more resistant to 
oxidativee stress, rather than more vulnerable (Hope et al.. 2003). 
Inn a conditional expression model of UBB*1 in SH-SV5Y cells. UBB+1 

inducedd expression of heat shock proteins, which protected the cells 
fromm tBHP-mediated oxidative stress. However, an inducible cell line 
off  UBB'- might represent a pre-selected cell that is able to cope with 
UBB+1,, and therefore is more able to quickly regulate heat shock 
proteins.. Our results indicate that in vivo, an oxidative stress insult 
onn vulnerable cells in an aged and diseased environment such as the 
ADD brain, might have a synergistic effect with UBB+1 accumulation 
onn proteasome inhibition. 

A A Effectt ofHK>2 on I IBB ' t IIK-•!• .* <-<! .ICCI Union of II I . 
G76V-GFP P B B Effectt of H202 on UBB+1 accumulation 

jee»» • • too tc: 

Fig.. 10 H 2 0 2 i nduced oxidat iv e stres s has a synergisti c effec t on p ro teasom e inhibit io n by U B B "  in 
Ub G76V-GFPP expressing neurob las toma cells in a worsened physiological s tate. Mistreated UbG"v-GFP SH-
SY5YY cells were transduced with LV-UBB' and subsequently treated either with or without 100 pM H.O,. A GFP 
accumulatingg cells were quantified by FACS analysis. Lines represent results in duplo of 5 different experiments. B 
UBB"" accumulating cells were quantified by counting ubi3 immunopositive cells. Lines represent results in duplo of 
44 different experiments. Both GFP and UBB" positive cells were significantly increased after H 20 2 treatment (paired 
Student'ss T-test). 
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Concludin gg remark s 

Thee spatial and temporal course of events in the pathogenesis 
off  AD has been the subject of endless debate (Braak and Del 
Tredici,, 2004; Hardy, 2004; Mudher and Lovestone, 2002; Price 
andd Morris, 2004; Schonheit et ah, 2004; Zhu et al., 2004a; Zhu 
ett al., 2004b). Proteasomal inhibition in AD so far has not been 
fullyy characterized in this respect. Future studies should elucidate 
possiblee correlations between proteasome activity and the state of 
dementia,, neuropathological staging and ApoEgenotype. 

ADD is a multifactorial disease which takes decades to develop. 
Therefore,, impairment of the proteasome in AD brain is probably 
causedd by a chronic low level inhibition, since acute proteasome 
inhibitionn is highly toxic. UBB+1 is already present in the pathological 
hallmarkss in the brain quite early in AD, which means that UBB+1 

mustt have surpassed the threshold level in these cells. UBB+1 thereby 
actss as an endogenous reporter for proteasome activity, indicating 
thatt proteasome inhibition is an early event in AD. The UBB+1 

accumulatingg cells in early AD brain seem to be capable of handling 
thresholdd levels of UBB+1 for quite some time, or else they would 
alll  have died and disappeared from the late AD brain. Nevertheless, 
ourr studies have shown that UBB+1 can be an important contributor 
too proteasome inhibition and eventually to neurodegeneration, after 
itt has passed an accumulation threshold (Chapter 4). Cytosolic 
A(33 was studied as a possible candidate for initiating proteasome 
inhibitionn in AD, but. surprisingly, we found that Ap is degraded 
efficientlyy in the cytosol, even at high concentrations (Chapter 
5).. However, extracellular A(3 might contribute to proteasome 
inhibitionn through indirect mechansims, possibly involving UBB+1 

andd its ubiquitinating enzyme (Song et al., 2003). We have also 
foundd indications that oxidative stress might play an important role 
inn mediating initial proteasome inhibition and UBB+1 accumulation in 
AD.. Moreover, aging, the main risk factor for AD, is also known to 
decreasee proteasome activity. More rese^lrch is needed to further 
definee the different contributions of AD-related mechanisms to 
proteasomee inhibition, and to elucidate the possibly synergistic 
effectss with UBB+I. 

Inn summary, although more research is needed to elucidate the 
orderr of events and initial causes for proteasome inhibition, 
itt is clear that the UPS plays a key role in the pathogenesis of 
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AD.. and we hypothesize that accumulated UBB+1 contributes to 
neurodegenerationn through a negative feedback loop on proteasome 
functionn (Fig. 11). 

negativee feedback loop 
afterr critical levels are reached 

X X 

A| i .. PHF tau. oxidative stress, aging 

accumulationn of aberrant and 
ubiquitinatedd proteins 

accumulationn of Ub-UBB' 

Neurodegeneration n 

Fig.. I I Genera l hypothesis 


