UNIVERSITA DEGLI STUDI DEL PIEMONTE ORIENTALE
‘“AMEDEO AVOGADRO”

Tesi di Dottorato in Medicina Molecolare
XVII ciclo

MORTE CELLULARE PROGRAMMATA E
NEURODEGENERAZIONE: RUOLO DEL COMPARTIMENTO
AUTOFAGICO-LISOSOMICO

PROGRAMMED CELL DEATH AND NEURODEGENERATION:
ROLE OF THE AUTOPHAGIC-LYSOSOMAL COMPARTMENT

Relatore: Coordinatore:

Prof. Ciro Isidoro Prof. Umberto Dianzani

Candidata:
Roberta Castino



INDICE

PREFAZIONE

INTRODUZIONE

1. La morte cellulare
1.1  La morte cellulare programmata
1.1.1 L’apoptosi
1.1.2 Regolazione del processo apoptotico
1.1.3 La morte autofagica
2. La morte cellulare programmata nel sistema regreentrale
2.1  Apaf-1 e le caspasi nella morte cellulare oeale
2.2 Neurotrofine: un caso di vita e di morte
2.3 Viaditrasduzione di PI3K-AKT
2.4 Apoptosi patologica nel cervello adulto
2.5  Morte cellulare indotta da ischemia
2.6 Morte cellulare neuronale nella malattia dzt#dimer
2.7  Morte cellulare neuronale nella malattia dikiteson

2.8  La malattia di Hungtinton e la morte cellulare

3. La macroautofagia
3.1 Laregolazione del processo autofagico

3.1.1 Laregolazione farmacologica del processofagico

4. L’ autofagia e sistema nervoso centrale
4.1  Alterazioni lisosomiche e macroautofagia nellécchiamento
4.2  Autofagia e neurodegenerazione
4.3  La proteolisi lisosomica e I'epilessia miocloani
4.4 |l compartimento endosomico lisosomico e leatti& ceroidi
lipofuscinosi

4.5 Le malattie prioniche

5. Stress ossidativo, morte cellulare e autofagia

2



5.1 Stress ossidativo e danno neuronale
5.2  Stress ossidativo e invecchiamento neuronale

5.3 Morte neuronale e D,

INTRODUCTION
1. Neuronal cell death and neurodegeneration
2. Lysosomes, autophagy and cell death

RISULTATI E CONCLUSIONI

RISULTATI 1

1.1 Lisosomi e catepsine lisosomiche come po&dinzarcatori per la morte
di cellule tumorali: uno studio sperimentale sulimdlastoma.

1.2 Lysosomes and lysosomal cathepsins as paltéantgets for tumour cell
killing: an experimental study on neuroblastomascel

1.3 R. CastinoD. Pace, M. Demoz, M. Gargiulo, C. Ariatta, E. Raie C.

Isidoro. Lysosomal proteases as potential targetthe induction of apoptotic

cell death in human Neuroblastoma. Int. J. Can@8R297:775-779

RISULTATI 2

2.1 Basi molecolari della regolazione reciproga tutofagia e morte
cellulare nelle malattie neurodegenerative: unadistusperimentale sul
diabete insipido neuroipofisario (FNDI)

2.2 Regulation between autophagy and cell deatmeurodegenerative
disease: a sperimental approach in neurohypophgsdates insipidus

2.3 R. Casting, J. Davies, S.Beaucourt, C. Isidoro and D.Murphy

Autophagy is a pro-survival mechanism in mouse olglastoma cells
expressing a familial neurohypophyseal diabetapiohss mutant
vasopressin transgenkttp://www.fasebj.org/cgi/reprint/04-
3162fjev1?ijkey=K2Dc9Gi3nmRgl&keytype=ref&siteid=fab]FASEB
J. 2004.




2.4 R. Casting C. Isidoroand D. Murphy. Autophagy —dependent cell
survival and cell death in a Familial Neurohypogaiiabetes

Insipidusin vitro modehttp://www.fasebj.org/cgi/reprint/04-
3163fjev1?ijkey=VCXLgVFV5bDSs&keytype=ref&siteid=dabj

RISULTATI 3

3.1 Regolazione della proteolisi lisosomica e tmoneuronale da stress
ossidativo

3.2 Regulation of lysosomal proteolysis and g&te-induced cell death

3.3 Roberta Casting Natascia Bellio, Giuseppina Nicotra, Carlo Follo,
Nicol F. Trincheri and Ciro Isidoro. Essential rotd cathepsin d in
oxidoradical-induced neuronal cell death. Submittéal Journal of

Neurochemistry .

BIBLIOGRAFIA

PUBBLICAZIONI

RINGRAZIAMENTI



PREFAZIONE

In questa tesi é riportato il lavoro svolto dalendidata durante i quattro anni
del corso di Dottorato in Patologia MolecolarelaVoro e stato svolto in parte nel
laboratorio del Prof. Isidoro nel Dipartimento dciéze Mediche e in parte in
collaborazione con il Prof. Murphy, all’Universita Bristol.

Questa tesi e stata scritta quasi interamentealiarib, trattandosi di un Dottorato di
Ricerca italiano; alcune parti introduttive allsss@ene “Risultati” sono state scritte in

inglese, la lingua universalmente riconosciutantb#o scientifico.

1. LA MORTE CELLULARE

Sulla base delle modalita d’innesco e di esecuzilalia morte cellulare, che si
riflettono in caratteristiche modificazioni biochithe e morfologiche, si distinguono
tre tipologie di morte cellulare: la morte cellldgorogrammata di tipo | (apoptosi), la
morte cellulare programmata di tipo Il (autofagiealp necrosi (tipo Ill). La tipologia
della morte cellulare dipende evidentemente déligd dell’organulo cellulare
primariamente coinvolto e dalla via di segnalaziaheinnesco. Tutti gli organuli
possono, in risposta ad uno stress lesivo irrdwiéesigenerare un segnale di innesco
della morte cellulare (Ferri e Kroemer, 2001).

Fisiologicamente la morte cellulare programmatagig un ruolo importante
nell'organogenesi e nel continuo rimodellamentosano soggetti gli organi nel corso
della vita. (Glucksmann, 1965; Saunders, 1966; Keal., 1974).

Nel caso il danno sia provocato dallaccumulauda proteina difettosa (ad es.
con errori conformazionali che ne compromettondrabporto o la degradazione) il
segnale viene generato nel compartimento di accaumi@dd es. il reticolo
endoplasmatico o il complesso di Golgi); nel cassulto lesivo provenga dall’esterno
(farmaco citotossico, citochina, etc.) il segnal@’mpartire dalla plasmamembrana, dal
mitocondrio, dal nucleo o dai lisosomi, a secondadave € situato il bersaglio
dell'azione tossica. Se l'insulto lesivo e quariit@mente elevato rispetto ai tempi di
risposta tale da non consentire I'attuazione degjiramma di morte la cellula soccombe

per necrosi.



1.1. LAMORTE CELLULARE PROGRAMMATA

La morte cellulare programmata (PCD -programmedl adehth-) € un tipo di
morte cellulare che richiede energia, la trascnigidi geni specifici e I'attivazione di
proteine. E’ caratterizzata da un susseguirsi dingv regolati che conducono al
“suicidio” della cellula e pud consistere in un‘dente processo di condensazione
cellulare (apoptosi) e/o in una marcata autofadia. principali caratteristiche
biochimico-morfologiche che contraddistinguono I&0P1 e Il sono riassunte nella

tabella 1.

Apoptosi Gli organelli sono mantenuti intatti.
(morte programmata |Si osserva la frammentazione del nucleo, c¢n
di tipo 1) condensazione della cromatina e taglio del DNA
a partire dall’'estremita 3'.

Si ha l'attivazione delle caspasi.
La fosfatidilserina viene traslocata sul latp

esterno della membrana plasmatica.

IRiduzione del volume cellulare per perdita ¢

acqua

|Formazione di corpi apoptotici

Morte [E’ caratterizzata dalla formazione di vacuol
autofagical/lisosomica |autofagici.
(morte programmata |Le proteasi attivate nelle fasi iniziali sono l¢

di tipo 11) catepsine lisosomiche.

L’attivazione delle caspasi avviene nelle fas

(D

ardive, come anche la frammentazione d
DNA.
La fosfatidilserina viene traslocata sul latq

A —4

esterno della membrana plasmatica.

o

IRiduzione del volume cellulare per intens

degradazione macromolecolare.

Tab.1 Caratteri morfologici e biochimici peculiari della PCD di tipo | e I



1.11 L’APOPTOSI

by

La morte apoptotica € caratterizzata da eventi ootdei, biochimici e
morfologici finementi regolati. E’'un processo imtante sia nella morfogenesi che
nella regolazione dell’omeostasi tissutale nelllamu
Nelluomo i processi apoptotici sono coinvolti in:

-sviluppo embrionale (Jacobson et al 1997)

-sviluppo del sistema nervoso centrale (Naruseied<€995)

-mantenimento dell’omeostasi cellulare

-spegnimento delle risposte immunitarie (Cohen &eD1092; Behrens e Muller 1996).
Un’alterazione del processo apoptotico puo, inpleesere alla base di numerose
patologie come, per esempio, infezioni virali (Baret al 1992), tumori (Wrigth et al.,
1994) e malattie autoimmuni (Watanable-Fukunagd. £1992).

L’apoptosi nello sviluppo embrionale

Durante lo sviluppo di tutti gli animali che sostati studiati compare la morte
cellulare programmata (PCD) (Clarke e Clarke, 1986 solo recentemente sono stati
scoperti i meccanismi molecolari che ne stanno ladlse. Gia nella meta del secolo
scorso I'apoptosi e stata descritta durante la metfosi degli anfibi (Vogt, 1842), ma
successivamente altri studi hanno confermato I'irigyza della morte cellulare durante
lo sviluppo di numerosi tessuti sia nei vertebcdte negli invertebrati (Glucksmann,
1965; Clarke e Clarke, 1996). La morte cellulareogpammata ha un ruolo
fondamentale nello sviluppo animale. Sono statertgpe almeno quattro funzioni della
PCD nello sviluppo: 1) rimodellamento di struttur2) eliminazione di strutture
inutilizzate; 3) controllo del numero cellulare; é)iminazione di cellule abnormi,

localizzate nel posto errato, non funzionali.



Regulated Cell Death During Development

Figure 17-36. Malecuiar Biology of the Cell, $th Edition.

In frog development, an increase in thyroid
hormone induces apoptosis in the
cells in the tadpole tail.

In mouse development, digits are formed
only if cells in the web between each

Tmm digit are rammed o die.
Figura 17-35. Molacular Biology of g PTog
the Cell, 4th Edition.

Figure 1. La morte cellulare programmata nello svilippo.

L'apoptosi nello sviluppo del sistema nervoso ceraie

E’stato dimostrato che durante I'ontogenesi degfiaaismi multicellulari e
indispensabile la morte cellulare programmata imiope temporalmente distinti
(Saunders, 1996). Glucksmann (1965) aveva diskintoorte cellulare sulla base della
funzione biologica in tre distinte classi: 1) m@#émetica, responsabile dei cambiamenti
di forma durante lo sviluppo strutturale; 2) istoggca, associata al differenziamento di
organi e tessuti; e 3) filogenetica, in accordo leoscomparsa delle strutture larvali. La
PCD si manifesta con grande intensitd durante larogenesi (Clarke, 1982;
Clarke,1985; Ferrer et al., 1992) cosi come durémteorfogenesi (Hurle, 1988). I
primo e maggiore evento morfogenetico in cui e wolita la PCD nello sviluppo del
sistema nervoso centrale (CNS) e la trasformazideléa placca neurale nel tubo
neurale (Jelinek e Friebora, 1966; Langman etl866; Burnside, 1975; Karfunkel,
1974).

La morte cellulare programmata € un fenomeno cendurante lo sviluppo
postnatale del SNC. Sono state evidenziate casditeée tipiche della PCD nella corda
spinale dei mammiferi (Nurcombe et al., 1981; Bunk982; Lance-Jones, 1982;
Harris e McCaig, 1984; Comans et al., 1987), rellena e nei suoi collegamenti (Arees
e Astrom, 1977, Finlay et al., 1982; Cunningharalg1982; Dreher et al., 1983; Finlay
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e Pallas, 1989). La morte cellulare postnatal@ata sthche osservata nell’ippocampo in
hamsters e ratti (Janowiski and Finlay, 1983; KFeeteal., 1990). Nel corso della
morfogenesi del cervello un tasso di apoptosi aaterpuo portare alla formazione di
archiencefalo e idroencefalo.

| meccanismi genetici e molecolari dell’apoptosnsstati studiati e identificati
per la prima volta irCaenorabditis elegansin piccolo nematode che vive nel suolo. In
questo verme, sono stati individuati geni indispéiisper il processo apoptotico quali
ced-3 e ced-4 (Chinnayan et al 1997; Wu et al 1997)

Ced-3 codifica per una proteasi (CED-3) coinvolt@l'imattivazione di proteine
necessarie per la sopravvivenza cellulare (es.nenzoinvolti nella riparazione del
DNA) e nell'attivazione di proteine necessarie,do®, per la morte (es. endonucleasi
che degradano il DNA).

A differenza della necrosi, nell’apoptosi si ossergerdita di acqua con
riduzione del volume e condensazione. Nelle pries, florganizzazione strutturale
della cellula e mantenuta mentre a livello nuclesiresserva la disgregazione del
nucleolo, il taglio della lamina, la condensazien@fine, il taglio della cromatina in
frammenti. Frammenti di materiale nucleare raggamg in seguito la membrana
plasmatica, dove vengono circondati da evaginazaella membrana stessa che
conferiscono alla cellula un aspetto a bolle (bietpp Queste “bolle” si staccano dal
corpo cellulare portando con sé parte del citoptagndel materiale nucleare, dando
origine ai corpi apoptotici. Questi ultimi possoessere fagocitati da cellule adiacenti
dello stesso tipo (omofagia) o da macrofagi (eteyaf) e successivamente degradati
all'interno dei lisosomi (Amenta e Baccino 1989,ni&z et al 2002). | corpi apoptotici
che sfuggono la fagocitosi vanno incontro a lisirganea. Questo processo e simile a
cio che si verifica nelle ultime fasi della necresper questo viene definito “necrosi
secondaria” (Wyllie et al 1980), anche se a difieee della necrosi presenta la

condensazione della cromatina.

1.1.2 REGOLAZIONE DEL PROCESSO APOPTOTICO

L’apoptosi e innescata da una serie di stimoliaedHlulari e intracellulari (es.
le radiazioni ionizzanti, lo stress ossidativospesizione a sostanze cancerogene, le
infezioni virali, i danni al DNA, la mancanza dttiari di crescita e di citochine).

Sono state descritte tre vie d'innesco dell’apaptos



- via estrinseca che dipende dall’attivazione det®ri di morte

- via intrinseca che coinvolge direttamente i matodri

- via endosomica che coinvolge le catepsine.

Nel primo caso \ja estrinsecd I'apoptosi viene innescata dal legame di speuic
molecole-segnale (FasL e TNF) con i propri recefiosti sulla membrana plasmatica
(Death Receptor). A questo segue l'oligomerizzaziolel recettore, il reclutamento
delle procaspasi 8 e 10 che possiedono un domikid/DD (Death Effector Domain)
e che legano la porzione citoplasmatica dei De&tteptor tramite molecole adattatrici
come FADD. Si forma cosi un complesso proteico od@SC (Death-Inducing
Signaling Complex) in grado di attivare le caspasecutrici 3, 6, 7 (Kisckel et al.,
2001; Nagata e Golstein 1995; Chinnaiyan et al 1885 1) Nella fase finale questa
via si interseca con quella intrinseca.

Le caspasi sono cisteino-proteasi, residenti n&plasma, che vengono
sintetizzate come pro-enzimi e poi attivate pessone proteolitica. Una volta attivate
esse attivano per proteolisi parziale i precurdpgltre caspasi innescando una cascata
proteolitica (Earnshaw et al 1999). L'azione del#spasi nel processo apoptotico puo
essere indiretta, attraverso la traduzione delaegoppure diretta, intervenendo sulla
scissione proteolitica di substrati citoplasmagcinucleari (PARP, laminine, actina,
ecc.) (Porter et al., 1997).

Una seconda via che conduce alla morte cellulamgrammata € la via
mitocondriale ointrinseca. In questo meccanismo sono coinvolte proteine ficade
dai geni della famiglia Bcl-2 di cui fanno parta giroteine pro-apoptotiche (Bax, Bid e
Bcl-Xs) sia anti-apoptotiche (Bcl-2, BcliXe Bag-1). Bcl-2 associa con la membrana
mitocondriale esterna e con le membrane del retieatoplasmatico e del nucleo e ne
garantisce la loro integrita (Cory e Adams, 20@2azione di pro-soppravivenza delle
proteine della famiglia di Bcl-2 si esplica prevede il rilascio del citocromo ¢ e quindi
I'attivazione di caspasi 9. Le proteine della falmaigli Bcl-2, probabilmente regolano
I'attivazione anche di altre caspasi, indipendemrtet® dal danno alle membrane
mitocondriali (Cory e Adams, 2002). Bcl-2 ha quatliomini funzionali (BH) altamente
conservati e sette domini ad alfa-elica che nemga@no la struttura. | domini BH1,
BH2, e BH3 sono stati ritrovati anche in alcuni nieenpro-apoptotici della famiglia di
Bcl-2 e studi hanno dimostrato che questi domininosonecessari per
I'eterodimerizzazione di Bcl2-Bax (Oltvai et al993; Takayama et al., 1994; Kelekar e

Thompson, 1998; Schendel et al., 199¢hlesinger et al., 1998Recentemente € stata
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dimostratan vivo I'eterodimerizzazione di Bcl-2 e Bax (Mahajan bt £998), ritenuta
importante poiché in questo modo Bcl-2 e in gradblaccare la potente azione di Bax
come induttore di morte (Mahajan et al., 1998).d5tondotti da May e collaboratori
(1994) hanno dimostrato che inteleuchina-3 indwcdokforilazione di Bcl-2 e che
questa modificazione e strettamente correlata@aopravvivenza cellulare.

Bcl-2, in seguito a specifici segnali (mancanzafattori di crescita, stress
ossidativo, ecc.) altera la permeabilita della mema mitocondriale determinando
I'apertura o la chiusura dei pori di transiziongne alterata la catena di trasporto degli
elettroni, si generano specie reattive dell’ossigeninfine, viene rilasciato il citocromo
c nel citoplasma. Il citocromo c lega e attiva Aftatapoptotic protease activating
factor) che a sua volta innesca la via caspasieateimina con I'attivazione della
caspasi 3 ( Zou H. et al 1997). La via mitocordrf@0 essere innescata anche da p53.
Un danno al DNA, dovuto ad esempio a radiazionizioanti, puo attivare p53, il quale
blocca il ciclo cellulare nella fase G1 favorendo riparazione del DNA. Se la
riparazione e produttiva il ciclo cellulare puorgpdere e la cellula sopravvive; nel caso
invece in cui il danno sia troppo esteso ed irraipide p53 pud attivare I'apoptosi
attraverso il blocco dei geni anti-apoptotici coBa-2 (Yu e Zhang 2005).

Nel sistema nervoso, e stato riportato che i meuhdia famiglia di Bcl-2 sono
coinvolti nella sopravvivenza e nella morte di gledlneuronali (Merry and Korsmeyer,
1997). Bcl-2, n vitro, previene la morte, indotta da siero-privazionemditoneuroni
(Sato et al., 1998) & vivo, quella indotta da assotomia (Dubois-Dauphin etl&i94;
Farlie et al., 1995). Kostic e collaboratori (199@nno riportato la correlazione tra Bcl-
2 e morte cellulare in un modello di topi affetdi siclerosi laterale amiotrofica.

| neuroni cerebellari indotti a morire per privazeodi potassio extracellulare
sono stati utilizzati come modello di studio di neocellulare neuronale e Harris e
Jonhson (2001) hanno dimostrato che la via pra@atinvolta e la via mitocondriale e
che dipende dall’'attivazione di Bax (Harris andnkdn, 2001; Linseman et al., 2002;
Linseman et al., 2004). Bim € una proteina pro-&gaa della famiglia di Bcl-2 che
svolge un ruolo fondamentale nell’apoptosi di dellneuronali (Putcha et al., 2001;
Whitfield et al., 2001; Putcha et al., 2002). Shgee che proteine unicamente con il
dominio BH3, come Bim, promuovano I'apoptosi pea witocondriale interagendo e
neutralizzando membri anti-apoptotici della fanaglii Bcl-2, come Bcl-2 stesso e Bcl-
XL (Strasser et al. 2000; Bouillet e Strasser 20QRilizzando la tecnica del doppio

ibrido (two-hybrid assay) alcuni ricercatori handomostrato che Bim interagisce
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direttamente con diverse proteine della famigliaBdi-2 e inibisce la funzione di
sopravvivenza di queste proteine (Hsu et al., 1998son-Annan et al., 2003). In
ultimo, proteine antiapoptotiche della famigliaRtl-2 promuovono la sopravvivenza
cellulare sequestrando e inibendo la funzione di BaBak, che permeabilizzano la
membrana mitocondriale esterna e determinanoasaib di citocromo c (Wei et al.,
2001; Degenhardt et al., 2002)

Varoius apoptotic stimuli

%%%%@%!ﬁig%%%%% e

¢ BAX /
A BAK ’
FADD TN o2
Bel-x |
Caspase 8 — BID
Activated
Caspase 8 /
Activation of Cytochrome ¢
effector l
caspases Apaf 1
Caspase 3/6/7 Caspase 9
\ Casplase 3
APOPTOSIS

Figura 2. Via intrinseca ed estrinseca dell’apoptosi

La terza modalita di attivazione dell'apoptogia(endosomica-lisosomicaé di
scoperta molto piu recente rispetto alle due prectdnnizialmente i lisosomi venivano
associati esclusivamente alla necrosi cellulareeBi studi hanno messo in evidenza

come il rilascio di enzimi idrolitici lisosomiciniseguito ad un danno cellulare acuto,
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rappresenti I'evento finale che determina la lisilelmembrane cellulari e la morte per
necrosi delle cellule (Zahrebelski et al., 1995ptfivazione degli enzimi lisosomici

non e pero esclusiva della necrosi, infatti mogierti lisosomotropici intervengono
anche nell’induzione dell'apoptosi (Kessel et 2000; Ollinger, 2000). In generale la
rottura dei lisosomi e il conseguente rilascio dzimi idrolitici nel citosol potrebbe

indurre sia un danno reversibile ma anche la neerbapoptosi della cellula (Olejnicka

et al., 1999; Li et al., 2000; Brunk e Svensso899).

Agenti lisosomotropici

BID o
cD 7 Bax ~Na y éﬂjmmmc \
CB \(\\/?i,fif \—\‘ ﬂg‘\\‘ < \:/\,//,
CASPAE o \
Cyt C-APAF-Caspasi 9

Idrolasi lisosomiche APOPTOSI
acide
NECROSI

Fig. 3 Via endosomica-lisosomica dell’apoptosi

Diversi enzimi proteolitici sono implicati nella gelazione dell'apoptosi. Le
catepsine lisosomiche sono anch’esse implicat€atielbazione delle caspasi e di
conseguenza dell'apoptosi (Ollinger, 2000; Robergle 1999). Le catepsine sono
proteasi che, in condizioni fisiologiche, sono lazate all'interno dei compartimenti
endosomici-lisosomici. In risposta a determinatgresdi, dai lisosomi esse sono
rilasciate nel citoplasma dove avviano trasduzideé segnale di morte. Studi su
fibroblasti e cardiomiociti in coltura mostrano clee destabilizzazione dei lisosomi
(misurata come rilascio di catepsina D) e l'altevae del potenziale di membrana dei
mitocondri precedono il rilascio del Citocromo ©ll{nger 2000; Roberg et al., 1999).
Le proteasi lisosomiche, catepsina B, D ed L agisamme mediatori dell’'apoptosi in
molte linee cellulari (Guicciardi et al., 2000; Fegaard et al., 2001; Kagedal et al.,
2001; Ollinger, 2000; Roberg et al., 1999; Katunwhal., 2001; Ishisaka et al., 1998,
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Demoz et al., 2002). In uno studio recente, Stokalkaboratori hanno dimostrato che
Bcl-2 veniva attivato mediante idrolisi in presertteestratti lisosomici, suggerendo il
possibile coinvolgimento delle proteasi lisosomictedi’apoptosi (Stoka et al., 2001).
La proteasi responsabile del taglio idrolitico dilf2 non é ancora stata identificata, ma
le catepsine lisosomiche sono tra i possibili cdatli Katunuma e collaboratori e
Ishisaka e collaboratori hanno mostrato che la asisp € attivata dalla catepsina
lisosomica L (Katunuma et al.,, 2001; Ishisaka ket #9998, 1999). Guicciardi e
collaboratori hanno riportato il coinvolgimento dn’altra catepsina lisosomica, la
catepsina B, nell’apoptosi (Guicciardi et al., 2D0A epatociti trattati con TNF-alfa, la
caspasi 8 induce il rilascio di catepsina B cheyavolta, media il rilascio di citocromo
c dai mitocondri. La catepsina B, in realta, agisueme regolatore negativo
dell'apoptosi (Shibata et al., 1998; Isahara et1#199). L'iperespressione di catepsina
B in cellule PC12 riduce la sensibilita di questdlue all’apoptosi. Nel caso di
catepsina D, Deiss e collaboratori furono i printigortare che questa proteasi avesse
un ruolo come mediatore dell'apoptosi (Deiss et 4PR96). Utilizzando I'RNA
antisenso per catepsina D o [linibitore specificepgtatina A, hanno riportato
I'inibizione dell'apoptosi indotta da IFN gamma @d-in cellule Hela, cosi come
I'apoptosi indotta da TNF-alfa in cellule U937. dbinvolgimento della catepsina D
nel’apoptosi di fibroblasti indotta da TNF-alfa tate dimostrato anche da Isidoro e
collaboratori (Demoz et al., 2002). Roberg e cafakori (2002) hanno dimostrato che
in seguito allo stress ossidativo, la catepsinaaSlaca dai lisosomi al citosol. Questa
traslocazione precede il rilascio del citocromo cl'&tivazione delle caspasi,
suggerendo un ruolo di catepsina D a monte degltewnitocondriali. In accordo con
cio, l'inibitore di catepsina D, pepstatina A, piee il rilascio del citocromo c,
I'attivazione delle caspasi e la morte cellularagkdal et al., 2001; Roberg et al., 1999;
Roberg, 2001).

1.1.3 LA MORTE AUTOFAGICA

La morte autofagica € un fenomeno filogeneticamerako antico che potrebbe
essersi sviluppato prima dell’apoptosi. La metawsirfdegli insetti puo’ essere
considerata una condizione estrema di rimodellammdrgsutale in cui la morte
autofagica ha un ruolo preminente (Beaulaton e sloick 1977). Nei vertebrati la morte

autofagica sembra importante durante la morfogediedcuni organi (formazione della
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cavita intestinale, regressione delle ghiandolesisds etc.) (Beaulaton e Lockshin,
1982; Schweichel e Marker, 1973). Dal punto di avidisiopatologico la morte
autofagica pare associata anche alla morte ne@qdaiglade et al., 1997) che si
osserva in seguito all'esposizione a sostanze osisathe (Rez et al., 1991). Le
osservazioni morfologiche confermano la teoria sdoola quale la morte autofagica
avrebbe caratteristiche diverse rispetto a quelBagoptosi. L'evento principale della
morte autofagica consiste nella degradazione delteponenti cellulari; il numero dei
mitocondri diminuisce ma quelli presenti rimangoniatti e mantengono livelli di ATP
necessari per completare il processo di autodmestiLa maggior parte del citoplasma
viene degradato attraverso il processo autofagrmapche il nucleo incominci a
collassare. Attraverso il sistema autofagico vewogomossi organelli e membrane
danneggiate con lo scopo di mantenere I'omeostalbulare. Questo meccanismo
potenzialmente ha un effetto di “salvaguardia” @ekllula analogo all’apoptosi indotta
da p53 in seguito ad una danno al DNA (Castinol.et2803). In analogia con la
definizione di “p53 guardiano del genoma” l'autata@ stata definita “guardiano del
proteoma”. L’apoptosi e la morte autofagica possomgire piu 0 meno

contemporaneamente all'interno di uno stesso tessut

Comparison Apoptosis vs Autephagy

Figura 4. Confronto tra I'apoptosi e la morte autofigica.
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2. LA MORTE CELLULARE PROGRAMMATA NEL SNC

Nel corso dello sviluppo del SNC si osserva unatavmortalita di neuroni
immaturi. Come tutte le cellule, anche quelle nealiorichiedono di apporti trofici per
la loro sopravvivenza. Fino a pochi anni fa sim#ea che i neuroni morissero
unicamente per mancanza di nutrienti (“starvati@nt) fattori trofici. Nel 1988, usando
un modello in vitro di neuroni simpatetici, Johnsogollaboratori hanno riportato che
I'inibizione della sintesi proteica inibiva la mertellulare di neuroni simpatetici indotta
dalla privazione di fattore di crescita nervoso r¢ee growth factor NGF).
L’identificazione inCaenorhabditis elegandei geniced-3 ced-4e ced-9coivolti nella
morte cellulare programmata, e dei rispettivi ongbioin mammifero ha permesso di
analizzare i meccanismi della morte cellulare neal® a livello molecolare. Fu poi
dimostrato che nei vertebrati, la morte cellularunonale indotta da privazione di
fattori trofici richiede la partecipazione di ciste proteasi, che piu tardi furono
denominate caspasi e che rappresentano 'omolog@ammifero del gene CED-3 @.
elegans
L’apoptosi nei mammiferi & regolata da proteindad&miglia di Bcl-2, dalla proteina
Apaf-1 e dalle proteine della famiglia delle caspd® suddette proteine sono,
rispettivamente, gli omologhi delle proteine@n elegansCED-9, CED-4, e CED-3. |
neuroni condividono con gli altri tipi cellulari learatteristiche peculiari della morte
cellulare programmata. Le proteine della famigliaBcl-2 hanno un ruolo cruciale
nella trasduzione del segnale di morte apoptoficguesta famiglia appartengono sia
proteine anti-apoptotiche che pro-apoptotiche chetengono uno o piu’ domini di
omologia con Bcl-2 (domini BH). | principali memhanti-apoptotici della famiglia di
Bcl-2 sono Bcl-2 e Bclx Garcia e collaboratori (2004) hanno riportato Blok2 puo
garantire la sopravvivenza di neuroni simpateticassenza di NGF, e cio dimostra che
I'iperespressione di Bcl-2 pud sopperire al segrdilenorte indotto dall'assenza di
fattori trofici. Inoltre, & stato dimostrato ch@pt transgenici che esprimono Bcl-2 nel
loro sistema nervoso, durante lo sviluppo sonaetialalla morte cellulare neuronale e
da danni neuronali quali occlusione dell’'arteriaeteale o assotomia del nervo faciale
(Dubois-Dauphin et al., 1994; Sagot et al., 199B)esti dati suggeriscono che la
soppressione dell’apoptosi potrebbe proteggere ata stress quali la privazione di

fattori trofici o stimoli patologici.
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L’espressione di Bcl-2 e elevata nel sistema nenagentrale durante lo sviluppo ed e
regolata negativamente dopo la nascita, mentredaespressione nel sistema nervoso
periferico rimane costante durante tutto il corsdladvita (Martinou et al., 1995).
Sebbene lo sviluppo del sistema nervoso di topickoot per Bcl-2 sia normale, si
osserva una progressiva perdita di neuroni mosmmsoriali e simpatetici dopo la
nascita (Veis et al., 1993; Michaelidis et al., &9%uggerendo che Bcl-2 abbia un ruolo
cruciale per il mantenimento della sopravvivenzairoeale. Bcl-x € espressa in
cervelli in via di sviluppo; a differenza di Bcl-Bcl-x. continua ad aumentare durante
la vita adulta ( Gonzalez-Garcia et al., 1995).

Bcl-2 e Bcl-x agiscono inibendo membri pro-apoptotici della fglai di Bcl-2
attraverso I'eterodimerizzazione (Merry e KorsmeyE97). Bax € un membro pro-
apoptotico della famiglia di Bcl-2 che e ampiamepspresso nel sistema nervoso
(Deckwerth et al., 1996). In topi difettivi per Baxgangli cervicali superiori e i nuclei
faciali presentano un aumentato numero di neurbraltre, i neuroni simpatetici
neonatali e i neuroni motori faciali dei topi difet per Bax sono piu resistenti alla
morte cellulare indotta da privazione di NGF. Quirthttivazione di Bax potrebbe
eseere un evento cruciale nella morte neuronaletten sia da privazione di fattori

trofici sia da danni esterni.

21 APAF-1 E LE CASPASI NELLA MORTE DI CELLULE
NEURONALI

Apaf-1 é 'omologo in mammifero della proteina CEprodotta irnC. eleganse
trasmette segnali di morte apoptotica che vannatihre le caspasi. Apaf-1 insieme
con la caspasi-9 forma un complesso con il citocramilasciato dai mitocondri al fine
di attivare la pro-caspasi-9 (Zou et al., 1997)chapasi-9 attivata, a sua volta, attiva la
caspasi-3. Topi deficienti per Apaf-1 muoiono duedo sviluppo embrionale, esibendo
una ridotta apoptosi nel cervello ed una ingrandi@a proliferativi paraventricolare
(Cecconi et al., 1998). Cosi, Apaf-1 é indispersatell’apoptosi di cellule progenitrici
delle cellule nervose.

La capacita degli inibitori delle caspasi di blaecéa morte cellulare neuronale indotta
da privazione di fattori trofici e da altre condimi di stress citotossico, ha fornito
indiscutibili evidenze del ruolo delle caspasi aeathorte cellulare nel sistema nervoso
(Cryns et al., 1997). Considerando che nelle eeltilmammifero ci sono almeno 14

caspasi diverse, i ricercatori si sono impegnatagire il differente ruolo delle caspasi
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nella morte cellulare neuronale. Come gli altri Gellulari, i neuroni possono esprimere
diverse caspasi simultaneamente. Analisi biochimiehgenetiche effettuatte su topi
mutanti per una o l'altra caspasi hanno permesscagire che queste proteasi sono
organizzate in vie parallele e alcune volte ancaieociate che sono specializzate a
rispondere a determinati stimoli. Le caspasi somtiezzate come proenzima
enzimaticamente inattivo composto da un pro-domiaikammino terminale, una
subunita minore e una subunita maggiore. Questegsiopossono essere classificate in
base a sequenze caratteristiche del dominio proakpasi che contengono il cosiddetto
“dominio effettore di morte”, come la caspasi &easpasi 10, sono attivate mediante
I'interazione con i domini intracellulari dei retati di morte come il CD95 (Apo-1/Fas)
e il recettore per fattore di necrosi tumorale (JNEe caspasi che contengono i domini
di attivazione (CARDs), come le caspasi 1,2,4,3,9¢112 sono molto probabilmente
attivate mediante un complesso intracellulare tvaione composto dal complesso
citocromo c/Apaf-1/caspasi 9 (Li et al., 1997). Menle caspasi che contengono corti
domini “pro” , come per esempio la caspasi 3, pogsessere attivate dalla maggior
parte delle vie caspasiche, dati recenti hanno sliratm che alcune caspasi, come la 11
e la 12, sono attivate solo in particolari condmzipatologiche (Kang et al., 2000;
Nakagawa et al., 2000). Queste ricerche sono p#atioente interessanti perché sulla
base di cio’ si potrebbero inibire le vie di at@i@e associate a stati patologici senza
interferire sull’apoptosi coinvolta nello svilupgonellomeostasi cellulare.

Le due caspasi principalmente coinvolte nella mapteptotica di cellule neuronali sono
la caspasi 3 e la caspasi 9. Sia topi difettivcaspasi 3 (Kuida et al., 1996) che topi
difettivi di caspasi 9 (Kuida et al., 1998) mostraaiterazioni anche gravi nella morte
cellulare durante lo sviluppo neuronale. | topiettif/i di Apaf-1, o di caspasi 3 0 9
mostrano numerosi difetti nella morte neuronaleice stiggerisce che queste vie di
segnalazione sono importanti nella regolazioneadelbrte cellulare durante lo sviluppo
del cervello.

2.2 NEUROTROFINE: UN CASO DI VITA O DI MORTE

Il ruolo di speciali proteine, l@eurotrofine, nello sviluppo dei neuroni e del
cervello é stato sottolineato da tempo, cioé dmnipstudi di Rita Levi Montalcini sul
Fattore di accrescimento nervoso (NGF, nerve grdadhor). E’ stato infatti scoperto
che non solo le neurotrofine entrano in azioneen&dki precoci dello sviluppo per
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guidare la formazione delle reti nervose, ma camno ad agire per tutta la vita come
fattori di protezione delle cellule nervose da dattdi stress che potrebbero
comprometterne il funzionamento fino alla mortesséedei neuroni. In particolare si €
visto che, in risposta a lesioni del cervello, nelrone si scatena una precisa serie di
eventi intracellulari mirate, da un lato, a elinmid piu rapidamente possibile i neuroni
compromessi, e dall'altro a ristabilire le connessiperdute a causa della lesione da
parte dei neuroni superstiti. A questo scopo, nosiegeni codificanti neurotrofine e
proteine del citoscheletro si attivano in tempi pitmeno successivi alla lesione, in
modo abbastanza selettivo a seconda dell’arearedeabteressata. Non solo: secondo
alcuni studiosi, le neurotrofine esercitebbero wola facilitatore sull’attivita sinaptica,
che sembra esprimersi maggiormente in certe fdisi s\dluppo e in certe condizioni di
attivazione delle sinapsi. Parimenti, al malfunaiorento delle neurotrofine e stato
attribuito un ruolo importante nel mediare i ddfioeuropsichiatrici riscontrabili in
malattie neurodegenerative come il morbo di AlzlexinfAbbott e Nelson, 2000;
Pennypacker et al.,, 2000; Schinder e Polo, 200@meC sopra menzionato, la
sopravvivenza dei neuroni immaturi durante lo gplo dipende dalla disponibilita di
fattori neurotrofici. Le neurotrofine generalmerddivano e legano i recettori Trk
(TrkA, TrkB e TrkC) che sono recettori di superficton attivita tirosina chinasica
intrinseca e in grado di autofosforilarsi (Barbad895); Dopo il legame del NGF con
TrkA, per esempio, il recettore fosforila diversisidui di tirosina nella propria coda
citoplasmatica. Queste fosfotirosine, a loro voltenzionano come legame di attracco
per altre molecole come la fosfolipasy,d fosfoinositide 3 chinasi (PI3K) (Fruman et
al., 1998) e proteine adattatrici come Shc. L'igottelle neurotrofine si basa sul fatto
che le neurotrofine agiscano come segnale di sewevza per inibire il programma di
morte. Comunque, l'interazione delle neurotrofira dl loro recettore p75NTR, in
certe condizioni, puo’ indurre morte cellulare, gegendo che le neurotrofine possano
agire anche da ligandi di morte in certe situazidinrecettore p75 (p75NTR) & un
membro della famiglia del recettore per il TNF gh# legare tutte le neurotrofine
(Dechant and Barde, 1997). Il suo dominio intradate contiene una regione con alta
omologia con il “dominio di morte” che media le emizioni proteina-proteina ed é
presente in altri membri della famiglia del recegtdel TNF. Inizialmente, si pensava
che p75NTR cooperasse con Trk per modulare la gtapalle neurotrofine. In realta
p75NTR potrebbe avere un ulteriore ruolo nel cdltrdella morte cellulare nel sistema

nervoso. Barde e collaboratori hanno riportato ko di anticorpi che inibiscano il

19



legame di NGF con p75NTR, inibiscono la morte diube della retina di polli che
esprimono p75NTR ma non TrkA (Frade et al., 199&jicando che l'interazione di

NGF con p75NTR promuove la morte cellulare in gosstema.

2.3 VIA DI TRASDUZIONE DI PI3K-AKT

Un ruolo chiave della via di traduzione del segral®I3K nella sopravvivenza
neuronale fu proposto inizialmente in seguito akervazione che gli inibitori della
PI3K bloccano gli effetti di sopravvivenza del NGFao and Cooper, 1995). Gli enzimi
PI3K sono normalmente presenti nel citosol e passessere attivati direttamente
mediante il reclutamento del recettore Trk attiyatoindirettamente attraverso Ras
attivato. Gli enzimi PI3K attivi catalizzano la foazione del lipide 3’ fosfoinositide
fosforilato, che regola la localizzazione e l'atévdi un componente cruciale nella
sopravvivenza cellulare, la serina/treonina chiddsi(Philpott et al., 1997).

Akt ha tre isoforme cellulari, delle quali c-Akt3B-PKy € la specie maggiormente
espressa nei neuroni (Datta et al., 1999). Oltidoalinio chinasico posto in posizione
centrale, Akt contiene un dominio di omologia afi#ecstrina posto alllammino
terminale, che media la sua interazione con preteiffiosfolipidi. Dopo il suo legame
con i lipidi, Akt viene traslocato dal citoplasmailla superficie interna della
plasmamembrana, e cio porta Akt molto vicina altdenole attivatrici. Le chinasi che
fosforilano e attivano Akt, le chinasi 3-fosfoinmdo dipendenti, sono esse stesse
regolate da fosfolipidi. Possiamo, percio, dire é¢hprodotti lipidici generati dagli
enzimi PI3K controllano l'attivita di Akt regoland@ sua localizzazione e la sua
attivazione.

La proteina Akt attivata controlla la sopravvivendai neuroni in assenza di fattori
trofici, al contrario, una forma dominante negataAkt inibisce la sopravvivenza
neuronale persino in presenza di fattori di soprsnza (Datta et al., 1999). | risultati
finora riportati avvalorano [lipotesi che Akt abbian ruolo essenziale nella
sopravvivenza neuronale. Akt agisce su numerosteipeo chiave per mantenere le
cellule in vita, compresi regolatori dell’'apoptosi fattori di trascrizione. Uno dei
bersagli di Akt &, per esempio, Bad, un membrogpoptotico della famiglia di Bcl-2,
che nella sua forma non fosforilata puo legareX@a-quindi bloccare la sopravvivenza
cellulare. L’attivazione di Akt induce la fosfordeone di Bad e promuove la sua
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interazione con la proteina chaperone 14-3-3, @dwpestra Bad nel citoplasma e
inibisce la sua azione pro-apoptotica (Datta et1#97). E’ stato dimostrato che Akt
agisce, direttamente o indirettamente, su tre fhenidi fattori di trascrizione. Akt
agisce sulla proteina CREB e su NF-kB, entrambewvalie nella regolazione della
sopravvivenza cellulare, ma puo’ anche regolareatinegmente i segnali di morte
(Brunet et al., 1999). Akt e, dunque, una chinasipiamente coinvolta nella
sopravvivenza di cellule nervose. E' probabile chel prossimo futuro, verranno
identificati altri substrati di queste chinasi.

Le neurotrofine non sono le uniche sostanze a clbenrte |la sopravvivenza neuronale: la
stimolazione elettrica e la depolarizzazione ad etincentrazioni di KCI inibiscono la
morte neuronale (Koike et al., 1989). Studi pitergcindicano che la depolarizzazione
della membrana attiva anche le vie di sopravvivere&onale. Non € noto se le vie di
sopravvivenza neuronale che vengono attivate istgoasi siano le stesse che vengono
attivate dalle neurotrofine (Mao et al., 1999; \4ait et al., 1999).

Sebbene sia chiaro che le neurotrofine e la deppémione delle membrane attivano la
via di trasduzione del segnale che inibisce I'apsip non & del tutto chiaro che cosa
inneschi l'attivazione dell’apoptosi in assenzaskgnali di sopravvivenza. E’ possibile
che le neurotrofine inibiscano semplicemente umalkeg basale di morte cellulare
programmata.

La rimozione di NGF determina una diminuzione maivita della MAP p38 chinasi e
della PI3K, a cui segue una serie di cambiamentiabmdici inclusa I'aumentata
produzione di specie reattive dell’ossigeno, un idinto “uptake” del glucosio e
diminuita sintesi proteica. In alcune cellule, iimazione del’NGF determina un lento
ed evidente aumento dell’attivita della chinasi J&lKella p38 MAP chinasi (Xia et al.,
1995); in altre cellule, c-Jun, uno dei substratidK, e indotto e fosforilato (Estus et
al., 1994; Ham et al., 1995). L'attivazione di JNte€sso puo essere necessaria, anche se
non sufficiente, a indurre I'apoptosi neuronale.

Come in altri tipi cellulari, il rilascio del citwsomo ¢ dai mitocondri induce I'attivazione
delle caspasi nei neuroni simpatetici. L'aggiuntair inibitore di pan-caspasi, ma non
del NGF, protegge i suddetti neuroni anche dopo ehavvenuto il danno alle
membrane mitocondriali e il rilascio del citocromdDeshmukh and Johnson, 1998).
Questi neuroni, in pratica, non sono destinati ainadino a quando le caspasi non
vengono attivate. Cio significa che il cosiddetjgufito di non ritorno” e a livello

dell’attivazione delle caspasi o a valle e suggerishe che I'inibizione dell’attivita
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delle caspasi potrebbe essere sufficiente per &#ecta morte neuronale in alcune
condizioni patologiche.

4.4  APOPTOSI PATOLOGICA NEL CERVELLO ADULTO

L’apoptosi fisiologica che si osserva nello svilopgel cervello e I'apoptosi
patologica nel cervello adulto hanno in comune Isiniéccanismi molecolari di azione.
Ci sono, comunque, alcune differenze chiave nei cav@smi di regolazione
dell’apoptosi. Mentre I'apporto di nutrienti ha mmolo chiave nell’apoptosi durante lo
sviluppo, ci sono poche evidenze dell'implicaziahdattori trofici come meccanismo
primario di morte cellulare nelle malattie neuroglegrative nell’adulto. Piuttosto, gli
insulti tossici che risultano da danni di tipo ouico o genetico potrebbero regolare le
malattie neurodegenerative cooperando con la moelkilare programmata, per
esempio attraverso la formazione di specie radaslliossigeno o l'attivazione delle
caspasi. Un punto chiave nelle malattie neurodegéme nell’adulto € la tossicita
determinata da abnormi strutture proteiche e agd@irebe si accumulano nelle cellule.
Cio é stato evidenziato in malattie neurodegenegratome la malattia di Alzheimer, il

morbo di Parkinson, la malattia di Huntington ed#erosi laterale amiotrofica.

25 MORTE CELLULARE INDOTTA DA ISCHEMIA

La morte cellulare indotta dal danno ischemicodii@analmente, e stata
descritta come necrosi. Negli ultimi decenni, daragtiche morfologiche e biochimiche
dell'apoptosi sono state in realta documentate adeti sperimentali animali di danno
ischemico cerebrale (Charriaut-Marlangue et aBR6)9
Durante lischemia i mitocondri sembrano avere wolo fondamentale nella
trasmissione del segnale di morte per attivare &spasi. Ci sono evidenze
dell’attivazione della caspasi 3, mediata dallgpeas 11, una caspasi che viene indotta
in modo significativo in seguito a danno ischemiKang et al., 2000). Inoltre, inibitori
delle caspasi diminuiscono notevolmente il danobemico sui neuroni. Sebbene ci sia
una forte evidenza di apoptosi nel danno cerebsabemico, non tutte le cellule
muoiono di apoptosi. Accanto alle cellule con darattiche tipiche dell’apoptosi, ci

sono cellule che appaiono ingrandite e altamenteiolezzate (Marti net al., 1998); e
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probabile che la morte di un numero significativanduroni, nell’ischemia cerebrale ,

avvenga attraverso un meccanismo non caspasi-dipend

26 MORTE CELLULARE NEURONALE NELLA MALATTIA
DI ALZHEIMER

La malattia di Alzheimer (AD) €& una delle piu comumalattie
neurodegenerative. E’ una malattia neurodegeneraiivsidiosa e progressiva
caratterizzata da demenza correlata all'eta, dedwgnitivo, e accumulo di depositi
beta-amiloidi nel cervello. Colpisce I'11% dellapgmtazione sopra i 65 anni di eta e il
50% sopra i 50 anni (Vickers et al., 2000). Nelvedo del paziente affetto da AD si
riscontrano caratteristiche placche neuritiche Iseniaccumuli di neurofibrille. Le
placche senili sono depositi extracellulari di pagptbeta-amiloide mentre le placche
neurofibrillari sono aggregati citoplasmatici corsp@rincipalmente dalla proteina tau
(una proteina associata ai microtubuli nel ceryelQuesti depositi abnormi di proteina
beta-amiloide, e di tau sono la causa principale gerdita di cognizione e di memoria
e della demenza caratteristica dei pazienti affiettmalattia di Alzheimer.

Circa una quindicina di anni fa, i ricercatori hargimostrato una base genetica
alla predisposizione alla malattia. Geneticametdemalattia di Alzheimer & una
malattia complessa ed eterogenea ed e strettammmétata all’eta. Esistono due forme
della malattia: una forma familiare rara, preco@tamente penetrante (EOFAD) e una
piu’ tardiva (LOAD). EOFAD rappresenta solo unaqoia parte di tutti i casi (meno
del 5%) e tipicamente si manifesta in pazienti ecoeno di 65 anni. Nella forma
familiare della malattia di Alzheimer sono statecdmentate piu di 160 mutazioni a
carico di tre geni: il gene che codifica il preanes della proteina beta-amiloide (APP)
sul cromosoma 21 (Goate et al., 1991); il geneaduhfica la presenilina 1 (PSEN 1)
sul cromosoma 14 (Sherrington et al., 1995) e rflegehe codifica la presenilina 2
(PSEN 2) sul cromosoma 1 (Rogaev et al., 1995; llahad et al., 1995). Il gene APP
codifica una proteina di membrana integrale cheggetta a taglio proteolitico da parte
degli enzimi alpha e beta-secretasi. Il taglio @otitico di APP determina la formazione
di una proteina di 100-120 kDa e di una di 10-2@kDn’altra mutazione associata alla
malattia si ritrova nel geni della presenilina PS&IPSN2. Numerosi studi su questi
proteine sono stati condotti in Drosophila, in gatare sulla proteina (Martin-Morris e
White, 1990). Nella Drosophila in cui viene si@to il gene APP1, i neuroni sono

vitali e non mostrano grossi difetti morfologicdanostrazione del fatto che APP1 non
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e indispensabile per la vita, e tuttavia gli insétinsgenici” presentano difetti nella
fototassi. Questi difetti possono essere in pdmareati se viene espresso un gene APP
umano nella Drosophila (Fossgreen et al., 1998pgenémdo che il gene APP non
differisce molto nelle due specie.

LOAD, daltro canto, colpisce prevalentemente peesgon piu di 65 anni e
rapresenta la stragrande maggioranza dei casi di AD

Nel corso della malattia di Alzheimer si verificanau progressiva perdita
cellulare. E’ difficile stabilire il contributo dehpoptosi in questa perdita cellulare
poiché il processo patologico dell’AD é cronicoregressivo. Alcuni neuroni mostrano
caratteristiche morfologiche tipiche dellapoptosma molti neuroni mostrano
caratteristiche diverse suggerendo quindi che p&md non sia I'unico meccanismo
implicato nella degenerazione della malattia di h&imer. LeBlanc (2005) ha
dimostrato che la morte cellulare che si osservllAlgheimer €& apoptosis. I
ricercatore ipotizza che [lattivazione della caspés effettrice nella malattia di
Alzheimer sia responsabile della rottura del cit@betro dei neuriti con conseguente
blocco del trasporto di proteine e organelle deireamdo le caratteristiche cliniche e
patologiche della malattia.

La macroautofagia € considerata da molti ricercatar chiave per la
sopravvivenza cellulare e per la longevita. In whadio recente, Yu e collaboratori
hanno dimostrato che la macroautofagia neurondle malattia di Alzheimer e indotta
precocemente e prima della deposizione delle péacah beta-amiloide.
Successivamente, gli autofagosomi e le vescicotefagiche tardive si localizzano
allinterno dei dendriti e determinano un’alterataturazione dei vacuoli nei lisosomi.
L’analisi morfologica identifica vacuoli autofagioel cervello come principale riserva
di beta amiloide. Vacuoli purificati contengono ptecursore della beta amiloide,
presenilina 1, e attivita gamma secretasica priseripendente. Inibendo o
inducendo l'autofagia in cellule neuronali e nonpdulando con rapamicina si

osservano cambiamenti nello stato di proliferazideievacuoli autofagici.

2.7 MORTE CELLULARE NEURONALE NELLA MALATTIA
DI PARKINSON

La malattia di Parkinson (PD) e caratterizzatgpasgressiva perdita di neuroni
dopaminergici nella “substantia nigra” e inclusigiioplasmatiche formate da aggregati

proteici insolubili (corpi di Lewy). Cio porta adna progressiva perdita delle
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funzionalita motorie, inclusi tremore, bradichireesi e rigidita. Colpisce
approssimativamente un milione di persone neglii Staiti (Olanow e Tatton, 1999).
Una piccola parte dei casi di PD e stata corredatautazioni in geni specifici inclusi la

alpha-sinucleina, parkin e ubiquitina C-terminabidsi L1.

28 LA MALATTIA DI HUNGTINTON E LA MORTE
CELLULARE

La Corea di Huntington € una malattia neurodegsivex, ereditabile, ad esordio
tardivo, causata da una mutazione a livello dekgsadificante per I'huntingtina. Tale
gene presenta, a livello della regione codificantgg espansione della tripletta CAG
che si traduce in una sequenza poliglutamminicaedld della proteina. La proteina,
mutata e troncata nella regione N-terminale, foregli aggregati intranucleari che
unitamente alla eccitotossicita, allo stress ossidae alla deplezione di energia
provocano la morte dei neuroni dello striato. Indiatorio, in seguito alla scoperta del
gene responsabile della malattia, € stato possimitelurre un modello di topi
transegnici che presentassero la malattia (Mamgiatial., 1996). In questi topi sono
stati studiati e dimostrati i meccanismi apoptatiicmorte cellulare (Reddy et al., 1998;
Ferrante et al., 2000). Uno dei primissimi eveht subentrano nella malattia € la iper-
regolazione della caspasi 1 (Ona et al., 19993etjuito, con I'avanzare della malattia,
vengono iper-espressa la caspasi 3, le caspaSi@iecitocromo c viene rilasciato dai
compartimenti mitocondriali (Kieckle et al., 20(anchez et al., 1999).

Nelle aree celebrali colpite da degenerazione maleo dei pazienti affetti da Corea di
Huntington, si osservano livelli elevati sia ddieali liberi che di altri prodotti tipici
del danneggiamento ossidativo: malondialdeide 8ssideossiguanosina, 3-

nitrotirosina e eme-ossigenasi (Browne et al., 1999

3. LA MACROAUTOFAGIA

A seconda del modo in cui il substrato viene traspo nel lume lisosomiale,
nelle cellule di mammifero sono state descritte grmcipali forme di autofagia: la

macroautofagia, la microautofagia e l'autofagia ratdda chaperone (fig.5) (Seglen e
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Bohley, 1992; Kim e Klionsky, 2000; Cuervo and Di&)00). Sono state descritte
differenze sulla natura del substrato, il tipo welte, e le condizioni cellulari.
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Figura 5. Tipi di autofagia nelle cellule di mammigro. Esistono tre principali forme
di autofagia: la macroautofagia, la microautofagidiautofagia mediata da chaperone.|
substrati internalizzati possono essere di diveedara: organuli citosolici e/o singole
proteine. Come esempio di autofagia selettiva gaoelli, nel diagramma sono mostrati
I perossisomi che sono trasportati nei lisosomraagrso un meccanismo di
macroautofagia selettiva detta macropexofagia. tbfagia mediata da chaperone é
mostrata ad ingrandimento maggiore per evidenziargroteine che partecipano
all'internalizzazione delle proteine substrato.

La macroautofagia € un processo dinamico altameet@lato in cui le
membrane cellulari subiscono un drammatico cambmonemorfologico. Regola
finemente I'equilibrio tra la formazione e la dedmaione di proteine e organelli
garantendo la normale crescita e lo sviluppo calulPermette il turnover di costituenti
cellulari durante lo sviluppo ed in particolari crioni di stress cellulare, come per
esempio in situazioni di “affamamento”, quando dee&ellula scarseggia di nutrienti e
di fattori trofici. Le proteine citosoliche vengortegradate principalmente attraverso

due vie: una lisosomica e una non lisosomica. La mon lisosomica prevede
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prevalentemente la degradazione selettiva di pretecellulari in condizioni
metaboliche basali. Avviene mediante il coinvolgmte dell'ubiquitina e la
degradazione idrolitica attraverso il proteasone. ddntro, il processo che coinvolge i
lisosomi porta alla degradazione di proteine exiatari (introdotte per pinocitosi o
endocitosi) e la degradazione all'interno di vesli@cdi proteine intracellulari e
organelli, in condizioni di stress (macroautofagiae d’'ora in poi, per comodita,
chiameremo semplicemente autofagia). Ricordiamoesigono anche due processi di
degradazione lisosomica di specifiche proteine soiiohe detti microautofagia e
autofagia mediata da chaperone.

L’'autofagia € il meccanismo attraverso cui protestabili a vita lunga vengono
degradate, ed € il solo meccanismo per mezzo @é dguteri organuli come mitocondri
e perossisomi sono riciclati. Inizialmente, l'aatgia era stata descritta come la risposta
della cellula alla privazione di siero e fattoofici (affamamento). Una delle principali
funzioni dell’autofagia e infatti il recupero diIsstrati (aminoacidi, zuccheri, lipidi)
dalla degradazione macromolecolare necessari pesofaavvivenza della cellula
quando i nutrienti scarseggiano. In ragione di diautofagia € stimolata dalla
privazione di aminoacidi (Mortimore and Poso, 1988)e controllata dagli ormoni; il
glucagone promuove, mentre l'insulina inibisceptt#fagia (Blommaart et al., 1995).
Analogamente, un eccesso di aminoacidi riduce elllivdi autofagia. La cellula e
particolarmente sensibile alle concentrazioni d#smatiche di asparagina,
glutammina, leucina, istidina, fenilalanina e toifsino (Grinde e Seglen, 1981; Seglen
et al.,, 1980). L'autofagia, negli eucarioti, € minte regolata da numerosi fattori
incluse le purine (Kovacs et al., 1981), i fattdricrescita (Xue et al., 1999), il siero
(Amenta, 1978), agonisti adrenergici (Seglen et 4890) e secondi messaggeri
(Codogno et al., 1997).

Nell’autofagia, porzioni di citoplasma sono seqtast all'interno di vescicole,
dotate di una doppia membrana, conosciute con fhenai vacuoli autofagici o
autofagosomi. Il processo autofagico puo esserdiasd in almeno quattro fasi dette:
) induzione; 1l) formazione dell’autofagosoma;)lfusione dell’autofagosoma con il

lisosoma; 1IV) degradazione del corpo autofagicg @i
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Figura 6. L’autofagia € un processo multifasico.

La vescicola autofagica pare abbia origine da wrdg#essione del reticolo
endoplasmatico liscio (Dunn, 1990), ma non e eschise le membrane del vacuolo
possano originare anche dal TGN (trans Golgi ndiw@¢Btromhaug et al., 1998).
Questo processo € altamente regolato ed é sottaoiitrollo di GTPasi,
fosfatidilinositolo chinasi e varie fosfatasi tnai ¢&a protein fosfatasi PP2A. Nelle cellule
animali la fusione dell’autofagosoma con il lisosordipende dalla presenza dei
microtubuli e dal mantenimento delle proprieta diddicazione. Dopo la fusione
dell'autofagosoma con il lisosoma la membrana natedell’autofagosoma viene
incorporata nella membrana del lisosoma stesscortenuto della vescicola viene
riversato nel lume del lisosoma in cui idrolisi diverse classi (lipasi, glicosidasi,
proteasi) intervengono nella degradazione. | masodanmolecolari che regolano la
formazione della vescicola autofagica sono statidiati per la prima volta in
Saccaromyces cerevisid&lionsky et al 2003)e i geni coinvolti in questo processo

sono stati designati con il nome Apg acronimo_ditgkhagy (inizialmente Atg da
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Autophagy ) . Molte delle proteine della famiglia Apg istdain lievito presentano il

loro omologo nelle cellule di mammifero.

3.1 REGOLAZIONE DEL PROCESSO AUTOFAGICO

Il processo autofagico e regolato a diversi livéllome si € detto in precedenza
I'autofagia non-specifica € inibita in condizioniabbondanza di nutrienti ed e indotta
in condizioni di stress e privazione di fattori fied Nelle cellule animali la
fosforilazione della proteina S6 ribosomale é foate correlata con l'inibizione
dell'autofagia (Blommaart et al., 1995). L’attivitkella p70s6 chinasi e regolata dalla
chinasi mTOR (Thomas e Hall, 1997, Brown et al93)9 TOR (target of rapamycicn)
€ una chinasi che inibisce la via autofagica, ealsea volta, € inibita dall’antibiotico
rapamicina. L'inibizione della fosforilazione di @36 (e forse altri substrati non noti),
come risultato dell'inattivazione di mTOR in seguil trattamento con rapamicina,
induce l'autofagia anche in condizioni di abbondaniz nutrienti. Come nelle cellule
animali, l'autofagia puo essere indotta in lieviteediante I'inibizione rapamicina-
dipendente di Tor2 (Noda e Oshumi, 1998). Nei tieVor2 fosforila Tap42 e questo
induce l'interazione della Tap42 con la fosfata&i(PP2A). Questa interazione inibisce
I'attivita della PP2A importante per I'induzione Itgutofagia (Beck e Hall, 1999).
L’inibizione di Tor2 determina invece [Iattivazionei PP2A e [linduzione
dell'autofagia. Nelle cellule animali I'inibiziondi PP2A da parte dell'acido ocadaico
ha un forte effetto inibitorio sull’autofagiaiflen et al., 1993)ll cambiamento della
localizzazione e/o dell’attivita di PP2A potrebbssere dunque un meccanismo di
controllo dell’'autofagia. Quando mTOR e inattiva@&sion esercita alcuna inibizione
sulla PP2A, che puo allora defosforilare Apgl3. defosforilazione di Apgl3,
I'attivazione di Vps34 (omologo della PI3-K di ctaslll dei mammiferi) e I'interazione
di Vps34 con Apg6 determinano l'attivazione delt@agia e innescano la formazione
della vescicola autofagica. Nei lieviti, il compsesdella PI3-K di classe Ill &€ costituito
da Apg6, Apgl4, Vpsl5 (serin-chinasi miristilata)da Vps34. Apgl4 funge da
adattatore per linterazione Vpsl15-Vps34 dove Vpela chinasi che regola l'attivita
del Vps34 (Stack et al.,, 1995). L'associazione Ap@pg34, invece, conferisce la
specificita del complesso (Kihara et al., 2001).
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Fig. 7 Proteine coinvolte nella regolazione del pcesso autofagico

In studi recenti si é visto come la PI3-Kinasi #Bdi classe Ill e la PI3-K di
classe | agiscano in direzioni opposte nell'attivae dell’autofagia (Petiot et al., 2000).
La PI3-K di classe lll ha un’azione attivante l'affigia ed & inibita dalla 3-
Metiladenina (3-MA), wortmannina e LY294002 (Kimkdiosky, 2000; Petiot et al.,
2000). L’attivazione della PI3-K di classe Il detena I'accumulo di fosfatidil-
inositoli-fosfato PIP2 e PIP1, due messaggeri igiidcche segnalano linnesco
dell’autofagocitosi (Petiot et al., 2000). Beclin Tomologo in mammifero di

Vps30p/Apg 6p, forma complessi con la PI3-K di s&8 favorendone I'attivazione e
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conseguentemente promuovendo I'avvio del sequestiafagico (Kihara et al., 2001).
L’overespressione di Beclin-1 in cellule MCF-7 imguun aumento del numero delle
vescicole autofagiche. La 3-MA € in grado di praxefiautofagia indotta da Beclin-1
in cellule MCF-7 (Liang et al., 1999). L'incremeniovece della PI3-K di classe |
inibisce la macroautofagia e favorisce la sintestgica, la proliferazione cellulare e la
sopravvivenza cellulare (Kim e Kliosky, 2000; Petet al., 2000). Ad esempio, la
stimolazione da parte di fattori di crescita deRd3-K | determina [l'attivazione
PKB/Akt e di conseguenza l'attivazione di mTOR, gm®muove la sintesi delle
proteine e inibisce la degradazione proteica agioda (Dennis et al., 1999). In
condizioni di stress PTEN (Phosphatase and Termmolog deleted on chromosome
Ten), una lipide-proteasi, interviene riducendavelli di PIP-3 (fosfatidilinositolo
3,4,5-trisfosfato), che si riflette in una diminoze dellattivita di Akt e di conseguenza
di mTOR (Petiot et al., 2000; Arico et al., 200RYTEN e una proteina con duplice
funzione, protein-lipido fosfatasi che risulta ntatan molti tipi di cancro (Di
Cristofano e Pandolfi, 2000; Li et al., 1997; Myetsal., 1997). E’ stato dimostrato che
PTEN defosforila al 3’ del fosfatidilinositolo protto dalla P13-K di classe | (Maehama
e Dixon, 1998) e di conseguenza regola negativasriantia di PI3-K/PKB (Wu et al.,
1998). PTEN e espresso in cellule di colon carcmdiii-29 e regola negativamente la
via di segnalazione PI3-K/AKB dipendente da IL-A3i¢o et al., 2001).

Dopo linduzione dellautofagia ha inizio la formame della vescicola
autofagica con il sequestro delle componenti casiplatiche. Il processo di sequestro
implica un sistema di coniugazione proteica in gioca un ruolo fondamentale
l'interazione di due dimeri Apgl2-Apg5. L'interazie covalente di Apgl2 con
un’Apg5 richiede l'azione dellApg7 (proteina comita nell'attivazione
dell'ubiquitina) e dellApgl0 (enzima che funge daniugatore di proteine). Un’altra
proteina, Apgl6, si lega a Apg5 e dimerizza le ppepApgl2-Apg5. Il legame
covalente tra I'Apg5 e I'Apgl2 prevede lattivazendella glicina 187, posta
all'estremita carbossi-terminale dell’Apgl2, ateaso I'interaziongrima con I'Atg7 e
poi con I'’Atg10. Solo dopo l'attivazione si haeélgame covalente tra la glicinal87 e la
lisina 130 dell’Apg5 (Mizushima et all998). Forme mutanti della proteina Apg5 prive
del residuo di lisina130 non formano il complesApg5—-Apgl2-Apgl6 ma rimangono
associati alla membrana da cui dovrebbe originbreacuolo autofagico. L'’Apg5
potrebbe esso stesso possedere un dominio in dratiogere il complesso al reticolo

(Mizushima et al., 2001). Importante per la fornoa® della vescicola e anche
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I'aggiunta di un fosfatidiletanolammina lipide @&$tremita carbossi terminale di una
proteina associata ai microtubuli, LC3, di nuovatesi. LC3 & la proteina omologa
all’Apg8/Aut7 di S. cerevisiael’aggiunta della fosfatidiletanolammina é preceddal
taglio, in posizione C-terminale, dellLC3, da partlella cistein-proteasi Apg4
generando una forma solubile nota come LC3-I edrempdo una glicina al carbossi
terminale, indispensabile per le reazioni succes@fiabeya et al., 2000; Kabeya et al.,
2004). La forma LC3-I, a sua volta, € modificatauima forma associata alle membrane,
LC3-1l, da parte di omologhi di Apg7 e Apg3 e sicdétizza sull'autofagosoma e
sull'autolisosoma. Nelle cellule che esprimono PAKC3 I'induzione dell’autofagia,
attraverso I'affamamento, promuove una ricollocagiaella proteina nelle vescicole
autofagiche di nuova formazione (Mizushima et2004). Cosi, la quantita di LC3-1l in
cellule di mammifero é considerato un buon mareatakella formazione di
autofagosomi (Kabeya et al., 2000). Successivamédiatetofagosoma fonde con il
lisosoma per degradare il materiale intrappolatb.pibabile che LC3-II venga
rapidamente degradato allintermo del lume delbdagolisosoma. Purtroppo, poco e
noto sulla degradazione di LC3-ll nell'autolisosomarante l'autofagia indotta da
affamamento. Studi morfologici indicano che, intatg primarie di epatociti, solo
pochi autofagosomi e autolisosomi si osservanooimdizioni di affamamento senza
I'utilizzo di inibitori di idrolasi lisosomiche (Rfifer, 1977; Ueno e Kominami, 1991),
probabilmente perché la fusione con il lisosoma ddgradazione sono processi molto
veloci durante l'affamamento. Gli autolisosomi sofaxilmente isolati in ratti in

condizioni di affamamento e trattati con leupeptimanon in ratti non trattati.
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Figura 8. Attivazione e formazione della vescicolautofagica: regolatori e inibitori

32



Le membrane lisosomiche contengono diverse protiisgdicosilate, incluse
LAMP-1 e LAMP-2. LAMP-2 ¢é stato descritto come wcettoreper la degradazione
autofagica, selettiva nei lisosomi (Cuervo e Dit896;1998). Dopo la formazione,
I'autofagosoma si fonde con il lisosoma e acquoesisroteine di membrana lisosomica,
come LAMP-1 e LAMP-2, pompe protoniche vacuolaiilasi acide. Il recettore per
il mannosio-6-fosfato (MPR) viene usato come marmatdei compartimenti
prelisosomici, l'amina  acidotropica (3-(2,4-dinim@lino)-3'-amino-N-methyl-
dipropylamine (DAMP), come marcatore dei compartithprelisosomici, lisosomici e

autofagolisosomici.
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Figura 9. Fusione e maturazione della vescicola anfaigica

Il legame tra autofagia e morte cellulare puo esssidenziata utilizzando 3-
Metiladenina (3-MA). La 3-MA blocca la formazioneldracuolo autofagico attraverso
I'inibizione della PI3-K di classe Ill. La 3-MA ibisce sia la formazione
dell'autofagosoma che la morte autofagica (Segl@orlon, 1982; Jia et al., 1997). La
morte autofagica indotta dal TNEFnhon € pero inibita da asparagina che inibisce la
fusione dell'autofagosoma con il lisosoma (Jia let 2997). La condensazione e la
frammentazione del nucleo nella morte autofagioa é@ssociata al rilascio di enzimi
citoplasmatici e positivita alla colorazione com Iipano. Questo indica che la morte
autofagica, come quella apoptotica, almeno nei ipstadi non € associata alla perdita
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dell'integrita di membrana. Studi recenti evidenziaina differente organizzazione del
citoscheletro durante la morte autofagica rispattprocesso apoptotico. Nell’apoptosi
si ha la depolimerizzazione e il taglio dell’actimelle citocheratine, delle lamine e di
altre proteine del citoscheletro (Bursh et al., ®0Wella morte autofagica invece |l

citoscheletro viene ridistribuito ma preservatobanm quelle cellule che presentano la
condensazione e la frammentazione del nucleo (Betsdl., 2000). Durante la morte

autofagica, a differenza del processo apoptotian o'e attivazione delle caspasi

(Kitanaka e Kuchino, 1999; Borner e Monney, 1998jgnon et al., 1998).

L’'autofagia e I'apoptosi sono due eventi distinti endipendenti?

Diversi studi mettono in evidenza come in alcunigagiioni la morte autofagica
e quella apoptotica potrebbero essere tra lorocotmesse, anche se i meccanismi non
sono ancora perfettamente chiariti. Nella maladiigParkinson, studi ultrastrutturali
hanno dimostrato che i neuroni della substantizandj pazienti affetti mostrano sia
segni di autofagia che caratteristiche proprie mekesso autofagico (Anglade et al.,
1997). Comungue, e stato dimostrato che I'espressib alfa-sinucleine mutate, una
condizione frequente in alcune forme di malatti&drkinson familiare, induce la morte
cellulare autofagica senza attivazione delle caspgasuta ad alterazioni del sistema di
degradazione proteico ubiquitina dipendente (Siefahal., 2001). Cio suggerisce che
non necessariamente in tutte le circostanze siaaivlderconnessione tra apoptosi e
autofagia in questa malattia. In particolari cotitegllulari e sotto I'influenza di
particolari stimoli 'autofagia potrebbe essereispénsabile per il successivo innesco
del processo apoptotico mentre in altre situazomtiebbe avere un’azione antagonista
sull’apoptosi. In altri casi invece i due sisteminsanifesterebbero indipendentemente
'uno dall’altro. In alcuni sistemi sperimentali apoptosi € sempre preceduta
dall'autofagia. Infatti, in questa situazione lli#zo di inibitori dell'autofagia come la
3-MA inibisce I'apoptosi mentre gli inibitori delleaspasi non inibiscono l'autofagia.
Un esempio di questo tipo e I'apoptosi indotta™adF-a in linee cellulari di linfoblasti
(Jia et al., 1997). In questo caso, comunque,dfagia € essenziale ma non sufficiente
nel determinare I'apoptosi; il TNE&-oltre che l'autofagia stimola il rilascio di sedjrai
morte indipendenti dall'autofagia (Jia et al., 199% altre situazioni l'autofagia puo
antagonizzare I'apoptosi, e [linibizione dellawgia potrebbe incrementare la

sensibilita delle cellule agli stimoli pro-apoptiti Un esempio ben caratterizzato e
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I'apoptosi indotta dal sulfide sulindaco in celllH8-29 di colon carcinoma (Bauvy et
al., 2001). In questo modello la morte apoptotiGceelerata in cellule HT-29 in cui si
riduce l'attivita autofagica facendo iperesprimersma GTPasi mutata nella subunita
Gai3; analogamente, il trattamento delle cellule m@sfettate in presenza di inibitori

dellautofagia aumenta l'apoptosi. Nelle celluladfettate con la GTPasi mutata il
rilascio di citocromo c¢ dai mitocondri € acceleraguggerendo agli autori che
l'autofagia potrebbe ritardare I'apoptosi attraweiissequestro di fattori mitocondriali

che promuovono 'apoptosi. Apoptosi e autofagiargddbero anche agire in maniera
mutuamente esclusiva. L'inibizione dell'autofagmquesto caso potrebbe indirizzare i
segnali di morte nell’induzione dell’apoptosi. Rsempio varie linee cellulari di glioma
maligno esibiscono, in seguito all’esposizione taossido di arsenico, una morte di
tipo autofagica (Kanzawa et al., 2003). L'inibizeodell’autofagia con bafilomicinaA

(un inibitore dellH-ATPasi, inibisce l'acidificagne delle vescicole autofagiche)
determina invece la morte delle cellule per apagt¢anzawa et al., 2003).

a

Death
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Figura 10. Relazione tra morte apoptotica e autofgica
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La relazione tra i due tipi di morte cellulare gditbe essere in parte spiegata dal fatto
che esistono delle interazioni fisiche tra protegménvolte nell’autofagia e proteine
coinvolte nell'apoptosi. Tra queste troviamo Bedinche da una parte regola
l'autofagia e dall’altra interagisce con Bcl-2, um@teina anti-apoptotica (Liang et al.,
1998). Analisi mutazionali rilevano che la regiaheBeclin compresa tra I'aa 88 e l'aa
150 e sufficiente per mediare l'interazione con-BclLa stessa regione media anche
I'interazione con bcl-xl, membro della famiglia loitl-2, che inibisce I'apoptosi (Boise
et al., 1993). Curiosamente la sequenza codifiqa@teuesta regione di Beclin e deleta
in alcuni cloni cDNA di cervello umano non adulldgng et al., 1998). Cid succerisce
che a livello cerebrale esistono almeno due formm&etlin, una contenente il sito

d’interazione con Bcl-2 e una senza questo dominio.

3.1.1 LA REGOLAZIONE FARMACOLOGICA DEL
PROCESSO AUTOFAGICO

Nelle cellulein vitro I'aggiunta di siero (5-10%), ricco di fattori direscita, al
terreno inibisce il catabolismo proteico. Il glucag puo stimolare la proteolisi negli
epatociti con stimolazione della via autofagicadismica (Hopgood et al., 1980).
Anche altre sostanze che stimolano la produzionAMP ciclico, come il dibutiril-
AMPc e l'adrenalina, possono avere effetti simMofata et al., 1982) provocando
I'attivazione della proteina chinasi A (PKA) (Holest al., 1996). | glucocorticoidi
favoriscono l'incremento della proteolisi nel fegatisposta che si somma a quella del
glucagone (Morata et al., 1982). Nel muscolo lasfaglandina E2 induce la sintesi e
'accumulo di catepsine cellulari e conseguentamanmenta la proteolisi (Rodemann
et al., 1982). Le sostanze acidotropiche che actamawnei lisosomi possono alterarne
le proprieta fisico-chimiche in due modi: elevaridpH del lume (neutralizzazione) o
causando la destabilizzazione della membrana (euribuisce I'accumulo di materiale
non degradato conseguente al blocco delle idrakide). L’ammonio e altri composti
analoghi (a concentrazioni millimolari) possonotw@mente inibire la degradazione
proteica lisosomica associata a privazione di aatith (Stevens et al., 1975). Queste
sostanze, nella loro forma dissociata (neutra)osnportano come basi (es. RHe
attraversano agevolmente la membrana e accumulencompartimenti acidi. Nei
lisosomi queste sostanze vengono protonate sotiwadhe quindi alcalinizzando il pH

interno. Anche se piu protoni sono traslocatiai€rno di questi organelli, il pH rimane
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elevato per la continua protonazione delle basm€aisultato finale si ha I'accumulo
dellammonio (e analoghi) che non pud attraverdarenembrane essendo carico
positivamente con conseguente destabilizzazionsdmica. La clorochina si comporta
anch’essa come una base lisosomotropica e inil@sgeteasi, le fosfolipasi, la sintesi
degli steroidi, la sintesi del DNA e la proteol{Biertini e Bari, 1970). Le ammine sono
utilizzate a concentrazioni tra 5mM e 20 mM. La giepina, la chimostatina, la
leupeptina, I'antipaina e gli epossi-succinil-pdptE-64, Ep-459 e Ep-475 sono tutti
potenti inibitori delle proteasi lisosomiche. Umgolo inibitore, come la leupeptina a
0.3 mM, puo inibire piu dell'80% della proteolide(ammine esercitano un effetto
maggiore). Il vanadato inibisce le ATPasi, le fosfaansferasi e, usato alla
concentrazione di 10 mM, la proteolisi lisosomiaan ceffetto diretto sugli enzimi
lisosomici (Van Dyke et al.,1984). La vinblastinegh¢ distrugge i microtubuli) e la
colchicina provocano accumulo degli autofagosonoictdndo la loro fusione con i
lisosomi. La 3-metil-adenina (3-MA) alla concentme di 10 mM blocca
completamente e specificatamente la via autofdgoaemica di degradazione negli
epatociti e in altri tipi cellulari; non ha effetulla sintesi proteica e sui livelli di ATP
(Ege et al., 1984).

LY294002 e la wortmannina, in quanto inibitori siec di kinasi della
famiglia della fosfatidilinositolo 3-chinasi (PI3K(VIahos et al., 1994), sopprimono
completamente l'autofagia (Seglen e Gordon, 198@nBaart et al. 1997).

La 3-MA ed anche altri inibitori delle proteine sertreonina fosfatasi, come
'acido okadaico e la caliculina A, sopprimono Kafagia. L’attivita inibente
l'autofagia dell’acido okadaico (7 nM) si esplictiraverso l'inibizione della PP2A,
(Cohen et al., 1990), la cui attivita fosfatasicessenziale per il mantenimento del

sequestro autofagico (Holen et al., 1993).

4. L"AUTOFAGIA E SISTEMA NERVOSO

In seguito ad assotomia di neuroni vitali, si oggetn notevolo aumento di
autofagia, con formazione di enormi vescicole diiovdipo che sono state descritte
come autofagosomi. La risposta autofagica e rapma; esempio, gangli superiori
assotomizzati in ratti adulti, mostrano aumentatafagia nel corpo cellulare dopo solo

2 ore. Le vescicole che si formano contengono roitdd, e i classici substrati

37



dell'autofagia derivanti dal Golgi o dal reticoladplasmatico. Inoltre, molte di queste

vescicole contengono precursori della sintesi derotrasmettitori.

4.1 ALTERAZIONI LISOSOMICHE E MACROAUTOFAGIA
NELL'INVECCHIAMENTO NEURONALE

La proteolisi lisosomica sembra essere implicatéiimeecchiamento di molti
tipi cellulari e tissutali (Bahr e Bendiske, 20@3nch e Bi, 2003). Tra gli aspetti da
prendere in considerazione vi € la stabilita dsdomi, il danneggiamento dei sistemi
di trasporto delle macromolecole ai lisosomi etéedzione dell’espressione di idrolasi
lisosomiche. Alcuni studi hanno dimostrato che dteaill normale invecchiamento
neuronale si osserva un notevole incremento dphéssione di catepsina D e catepsina
E (Bahr e Bendiske, 2002; Dunlop et al, 2002; Lyadsi, 2003). Data I'importanza dei
lisosomi nella degradazione dei complessi macroootdei, i deficit funzionali di
guesti organelli possono determinare un rapido atmndell’ossidazione proteica e
della formazione di aggregati. Studi “in vitro” hamevidenziato il ruolo della proteolisi
lisosomica nella regolazione del turn-over delfsinucleina. La-sinucleina € una
proteina di 140 aminoacidi associata a diverse thalaeurodegenerative. L’alterazione
del processo lisosomico ne puo favorire I'accurmaulivello neuronale (Gomez-Santos
et al., 2003; Stefanis et al., 2001) con conseguen mantenimento dell’omeostasi
cellulare, sulle vie di traduzione del segnale leasegolazione trascrizionale (Lundvig
et al., 2005).

Numerosi studi hanno dimostrato che l'inibiziondl'd#ivita lisosomica puo
inoltre favorire I'accumulo di lipofuscine (Termand Brunk, 1998; Szweda et al.,
2003) e dunque esaltare I'effetto che lo stresglago ha nell'indurre I'accumulo di
lipofuscine (Sundelin et al., 2001). Molti studinoitre, mettono in evidenza
I'associazione tra un’eccessiva attivazione del@mautofagia e I'insorgenza di alcune
patologie del SNC quali la corea di Huntingtonsiledrome d’Alzheimer e il morbo di
Parkinson (Bahr e Bendiske, 2002; Larsen e SW20£2).
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4.2 AUTOFAGIA E NEURODEGENERAZIONE

Nella maggior parte delle malattie neurodegensratcompresa la sclerosi
laterale amiotrofica, il morbo di Parkinson, la atéa di Alzheimer e la malattia di
Huntington o le malattie prioniche, la causa pdoenducibile alla formazione di
aggregati di proteine che presentano una confoonate anomala. Numerosi studi
hanno dimostrato il coinvolgimento sia del sisteded’ubiquitina-proteasoma sia del
sistema endosomico-lisosomico nella degradaziorpuelsti aggregati (Ardley et al.,
2005; Artal-Sanz e Tavernarakis, 2005; Cuervo, 200&ki et al., 2005; Jeyakumar et
al., 2005; Libersiki et al., 2004; Ravikumar et, &002; Ravikumar et al., 2004,
Ravikumar e Rubinstein, 2004; Shintani and Klion&kio4). In generale, sembrerebbe
che il sistema dell'ubiquitina agisca prevalenteteemel degradare proteine solubili,
mentre l'autofagia € maggiormente coivolta nellgrddazione di aggregati proteici
(Cuervo, 2005; Shintani and Klionski, 2004). Pegrepio, la prima manifestazione a
livello cellulare del morbo di Parkinson pare esdarformazione di inclusioni (i corpi
di Lewi) che contengono alpha-sinucleina comeginat principale. In colture cellulari,
I'alpha-sinucleina mutata, ma non la forma wilddy@ccumula in vacuoli autofagici e
parallelamente il sistema ubiquitina proteasomaterado (Stefanis et al., 2001). E’
interessante notare che in cervelli di pazientiathali Parkinson sono state riscontrate
mutazioni nel sistema dell’'ubiquitinazione; I'ali@ione del sistema potrebbe essere una
delle cause dellaccumulo di aggregati proteici oba vengono rimossi (Ardley et al.,
2005). Inoltre, studi effettuati utilizzando céduSH-SY5Y hanno dimostrato che
I'inibizione prolungata del sistema ubiquitina-prasoma (utilizzando I'inibitore
MG115 alla concentrazione di 100nM) puo’ causar@ gccessiva attivazione del
sistema endosomico-lisosomico (Ardley et al., 20D#ig et al., 2003). D’altro canto,
nella malattia di Huntington non sembra essere vodio il sistema ubiquitina-
proteasoma in quanto quest’'ultimo non riesce arnl@& sequenze di poliglutammina
che si formano (Venkatraman et al., 2003). Piutagstquesta patologia, I'autofagia
sembra essere la via maggiormente implicata. Inefiockllulari che riproducono la
malattia di Huntington, l'inibizione della protei mTOR e di conseguenza I'induzione
dellautofagia I'accumulo di poliglutamine e la n@r cellulare. L’inibizione
dell’autofagia ha gli effetti opposti (Ravikumaradt, 2004; Venkatraman et al., 2004).
Inoltre, i cervelli di pazienti con malatti di Aleimer presentano un’aumentata

espressione del compartimento endosomico-lisosqremme viene mostrato da studi
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morfologici (Cataldo et al., 1996). In generalenumerose malattie neurodegenerative
si riscontra un malfunzionamento dell’'apparato esadaco-lisosomico (Cataldo et al.,
1996; Ravikumar et al., 2004).

Alterazioni del compartimento endosomico-lisosansono state correlate alla
morte neuronale in molte malattie neurodegeneratioei come in patologie nervose
trasmissibili (malattie prioniche) (Larsen e SuJZ#02; Nixon et al., 2000; Liberski et
al., 2002). La morfologia del compartimento endosorlisosomico e alterato in
numerose malattie neurodegenerative come malattilzheimer (Nixon et al., 2000),
malattia di Huntington (Kegel et al., 2000) e modhdarkinson (Stefanis et al., 2001).
Anche i neurotrasmettitori possono attivare unadvisegnalazione che si interseca con
quella che regola l'autofagia. La dopamina, ad gsenpuo elevare i livelli basali di
autofagia e quindi avere un ruolo in molte malateirodegenerative (Petersen et al.,
2001; Gomez-Santos et al., 2003). Per contro, reiaté finora riportato un ruolo attivo
protettivo dell'autofagia nella neurodegeneraziongattivazione dell’autofagia
potrebbe facilitare lo smaltimento di aggregati tpi@ intracellulari, caratteristica
fondamentale delle malattie neurodegenerative @rars Sulzer, 2002; Jellinger e
Stadelmann, 2000). In numerose malattie neurodeggvee si riscontra sia la presenza
di aggregati proteici intracellulari e sia alteadidell’attivita del sistema proteolitico.
Sebbene la proteina mutata sia diversa in ognurguelste malattie, la sequenza di
eventi che porta allaccumulo di aggregati prot&ajeneralmente la stessa. In primo
luogo (1), la conformazione anomala della protam@uestione espone siti idrofobici
che sono normalmente nascosti; (Il) la cellulpamsle a questa proteina anomala
attivando il sistema delle chaperones (per promubnétorno alla conformazione
proteica normale) e attivando le proteasi citodaiq per rimuovere la proteina
danneggiata); (lll) nelle fasi iniziali della méiat talora, le chaperone e le proteasi
riescono a riportare le cellula alla normalita.a@do i livelli di proteina alterata
aumentano le proteine alterate sono intrappolataggregati e il processo diventa
irreversibile (Michalik e Van Broeckhoven, 2003g proteine diventano cosi resistenti
alla degradazione da parte di proteasi citosolelienica via possibile e I'attivazione
dellautofagia per la degradazione di aggregati for@eati (Webb et al.,, 2003;
Ravikumar et al., 2002). Se la deposizione di aggfreaumenta e il sistema autofagico
non riesce a degradare il materiale neoformatdtiviéione dell’autofagia potrebbe

portare alla morte cellulare programmata di tipalitofagica).
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rimozione degli aggregati citosolici
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L attivazione elimina la cellula danneggiata
(morte cellulare autofagica)

Figura 11. L’autofagia nella progressione delle malattie neurdegenerative.
L’accumulo citosolico di proteine malconformazioma@ comune a molte malattie
neurodegenerative. Queste proteine mutate espomggiani idrofobiche (rosso), che
promuovono l'associazione con altre molecole anche origine diversa.
Successivamente, vengono reclutate altre moleawbea formare aggregati di grosse
dimensioni. (a) L’ attivazione dell’autofagia neltgime fasi della malattia potrebbe
degradare gli aggregati, prevenendo o almeno tahelo I'accumulo. (b) Durante la
progressione della malattia, i materiali indigeatcumulano all’interno di vescicole
autofagiche, l'autofagia € attivata, gli aggregatno sequestrati all'interno le vescicole
autofagiche e il materiale degradato.

In questo modo si cerca di prevenire o rallentariotmazione degli aggregati proteici
facilitandone la degradazione. DiFiglia e collabhorahanno recentemente dimostrato
che nella malattia di Huntington la degradazion®fagica di piccoli frammenti della
proteina mutata previene la formazione di aggrediagrosse dimensioni (Qin et al.,
2003); l'attivazione dell'autofagia nelle prime ifagella neurodegenerazione potrebbe
quindi avere un potenziale ruolo terapeutico.

Un secondo caso in cui si osserva un ruolo pretetiell’autofagia nei neuroni e
rappresentato dal danno assonale (Matthews e Raid8@2). Quando gli assoni sono
disconnessi dal loro corpo cellulare, l'autofagiativata (Matthews e Raisman, 1972),
facilitando la rimozione di organuli danneggiatide vescicole secretorie che non

pOSsSoONo piu essere trasportate lungo i terminakpici. L'autofagia contribuisce,
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anche, alla rigenerazione assonale procurandoresl'@anneggiata, | componenti
energetici (attraverso la degradazione di macroootde intracellulari nei loro
componenti essenziali) e membrane (attraverso korie diretta di vescicole

autofagiche con la plasmamembrana) (Matthews enR&is1972).

4.3 LA PROTEOLISI LISOSOMICA E L’EPILESSIA
MIOCLONICA

L’epilessia mioclonica progressiva di Unverrichtrdlborg (EPM1) € una
malattia neurodegenerativa ereditaria recessivascheanifesta in eta pediatrica ed é
caratterizzata da stimolo mioclonico, atassia ¢oleteclino nelle funzioni cognitive.
L’'EPM1 é causata da mutazioni funzionali nel gem#ladcistatina B (CSTB), un
inibitore di cisteino protesi della famiglia delbatepsine lisosomiche (Pennacchio et
al., 1996; Pennacchio et al., 1998; Alakurtti let 2005; Houseweart et al., 2003). Gli
studi suddetti suggeriscono un ruolo diretto dphateolisi lisosomica nella patogenesi
dell’ EPM1, come osservato per altre malattie ndegenerative. Sono stati mostrati
ridotti livelli di acido 5-idrossilinoleiacetico ¢BlIAA) nel fluido cerebrospinale di
pazienti affetti da EMP1, indicando un alterato abelismo della serotonina in questi
pazienti (Leino et al., 980; Airaksinen et al., 298In accordo con i dati finori riportati,
la somministrazione di L-triptofano, un precursatella serotonina, da solo o in
combinazione con carbidopa (I'inibitore della D®RIecarbossilasi periferica),
determina un miglioramento nel movimento e nelladimoni generali del paziente
affetto da EPM1 (Koskiniemi et al., 1980; Leinoagt 1981; Pranzatelli et al., 1995).
Dati preliminari di D’Amato e collaboratori (Arbata et al.,, 2005) indicano un
coinvolgimento del 3-idrossichinureina, un derivd metabolismo del triptofano che
e tossico per le cellule nervose nella patogengl$i EPM1. E’ noto che I'enzima che
metabolisma il triptofano, “la triptofano ossigeriaviene degradato nei lisosomi
(Kopitz et al., 1990), e che lo stesso triptofanenénibitore dell'autofagia (Seglen et
al., 1980). Il legame molecolare tra il metabolisd® triptofano e la funzionalita del

compartimento lisosomico che porta alla morte tai&udi cellule nervose, non e noto.
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4.4 IL COMPARTIMENTO ENDOSOMICO LISOSOMICO E LE
MALATTIE CEROIDI LIPOFUSCINOSI

Le malattie ceroidi lipofuscinosi (NCL, malattiauredegenerativa di Batten)
comprendono un gruppo di otto o piu malattie eeelitda accumulo lisosomico.
Hanno una frequenza di 1 su 12500 nati. Sono eatate da cecita, demenza e
accumulo di pigmenti autofluorescenti nelle cellnleuronali e in altri tipi cellulari
(Goebel, 1995). Sono state classificate sulla ba#ieta di comparsa dei sintomi, delle
caratteristiche fenotipiche cliniche e ultrastratu del materiale accumulato. Puo’
trattarsi di depositi granulari osmiofilici e corgrvilinei.

Sulla base della comparsa dei sintomi, dei gennwaiii e della differenziazione
ultrastrutturale del materiale accumulato, le ntidateroidi lipofuscinosi vengono
classificate in quattro gruppi: a) forma infani{lBlCL), forma tardo infantile (LINCL),
forma giovanile (JNCL) e forma adulta (ANCL) (Go&b&995; Santavuori, 1974).
Finora, non é stata trovata una terapia efficagelgpecura di questa patologia. La
diagnosi si basa sull'esame al microscopio eleitmmel materiale accumulato, su
analisi genetiche o enzimatiche. L’'analisi geneliagpermesso di identificare due geni
implicati nella patologia codificanti due noti emuilisosomici: la proteina tioesterasi
palmitoil e la proteinasi lisosomica insensibiléagbepstatina. Il primo & responsabile
della forma INCL e il secondo della forma LINCL.

Ceroido lipofuscinosi neuronale infantile (INCL)

L’'INCL é causata da mutazioni del gene palmitodesterasi 1 (PPT1) posto sul
cromosoma 1p32 (Vesa et al., 1995). L'enzima PP$tat, inizialmente, identificato
come una lipasi citosolica (Camp e Hofmamm, 19983, studi successivi hanno
confermato la sua localizzazione nei compartiméstisomici (Hellsten et al., 1996;
Verkruyse e Hofmann, 1996). Altri ricercatori, i#dando la metodica del
frazionamento subcellulare, hanno evidenziato kesqmza del PPT1 anche in altri
compartimenti cellulari e nel citosol. E’ stato aifao che I'enzima ha attivita
enzimatica a diversi range di pH, pH 4-5 (Cho e Bawy 1998); pH 7 (Waliany et al.,
1994) e cio ha fatto presupporre un'azione da pditeguesto enzima anche in
compartimenti non lisosomici. Studi piu’ recentnha poi dimostrato che il diverso pH
di azione corrisponde ad una diversa specificisutdistrato (Cho et al., 1999).

Non e chiaramente noto il meccanismo per cui unacar&Za dell’enzima PPT nella

INCL porterebbe alla morte neuronale precoce. ltemiae accumulato nella INCL é
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molto simile ai pigmenti invecchiati che normalmerengono accumulati nel cervello
in eta molto avanzata (Goebel, 1995). E’ statortgio che l'iperespressione di PPT1
protegge le cellule nervose dalla morte apoptaigdrattamento con inibitori del PPT1
aumenta I'apoptosi indotta farmacologicamente (@haal., 2000; Cho e Dawson,
2000). Verosimilmente, e’ possibile che la mancadz®PT1, descritta nella INCL,
comprometta la traduzione del segnale di sopramzizecellulare e resulti, quindi, in

una morte cellulare precoce.

Ceroido lipofuscinosi neuronale tardo-infantile (LINCL)

La causa della LINCL fu ritrovata nel gene codifitala proteinasi lisosomiale
insensibile alla pepstatina (LPIP) (Sleat et a@97). Finora, sono state riportate 25
mutazioni in questo gene (Sleat et al., 1999).rpicoellulari curvilinei che vengono
accumulati nella LINCL sono formati, prevalentengerda proteine e parzialmente da
materiale lipidico. Studi sulle sequenze aminoatidi e immunocitochimici hanno
mostrato che si tratta di accumuli formati da umcarproteina, la subunita c della ATP
sintetasi mitocondriale (Palmer et al., 1989). aatterizzare la proteasi responsabile
della degradazione della subunita c, Ezaki e cofktori (1996), hanno dimostrato che
il trattamento di cellule normali con gli inibiiopepstatina ed E64 determinava
I'accumulo della subunita c. Per contro, essi naostro nessuna significativa differenza
tra le classi di aspartico proteasi quali catepsind, D o H (Dawson e Glaser, 1988;
Ezaki et al., 1996; Vines e Warburton, 1999). Dawse Glaser (1988) hanno anche
dimostrato che I'attivita di catepsina B era dimifaun fibroblasti LINCL invecchiati.
Per esempio, il 4-idrossinonenale, che accumuldessuti NCL, era in grado di inibire
catepsina B. Sebbene l'inibizione della degradaziaiiinterno dei lisosomi, della
subunita ¢ da parte di pepstatina (Ezaki et aB619on sia supportata dal fatto che la
proteina CLN2 é insensibile alla pepstatina (Sétatl., 1997), é stato osservato che gli
estratti lisosomici normali, se depleti della pmée CLN2, mostrano una ridotta
capacita a degradare la subunita ¢ comparati eld#ohe di controllo (Ezaki et al.,
1999).

Ceroido lipofuscinosi neuronale giovnile (JNCL)
Il gene difettivo in questa forma di lipofuscinogiovanile e localizzato sul
cromosoma 16p12,48. Il gene codifica per una prateii 438 aminoacidi del peso

molecolare di 48kDa. Contiene diverse sequenze aanidiche idrofobiche e cio’ é
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compatibile con la sua struttura transmembranacé grere una funzione nel trasporto
e, nella fusione degli organuli, nel controllo gél o nella localizzazione degli organuli
stessi. Le proteine lisosomiche di nuova sintesibisswno modificazioni
posttraduzionali con aggiunta di un gruppo mannésiosfato che € riconosciuto da un
recettore specifico per il trasporto nei compartithendosomici-lisosomici. Il pH acido
dei lisosomici garantisce la dissociazione liganglcettore e la rimozione del
mannosio-6-fosfato. Nei cervelli dei pazienti INGLjvelli delle glicoproteine sono

significativamente elevati se confrontati con ivadli di controllo (Sleat et al., 1998).

| lisosomi degradano proteine trasportate in questnpartimenti attraverso
'autofagia e attraverso la via di degradazioneoeassa a proteine di membrana
(LAMPs) (Cuervo e Dice, 1996). Non sono note mutazia carico delle proteine
LAMP, nella malattia di Batten. Cellule CHO traséé¢ con LAMP2 mostrano
un’aumentata proteolisi (Cuervo e Dice, 1996).uto studio recente, é stata riportata
una severa perdita di cellule neuronali nell’aregicale e nell'ippocampo e accumulo
di materiale proteico di pecore con una forma caitgadi NCL ovina (Tyynela et al.,
1997). Nel cervello di queste pecore non si rifema attivita enzimatica di catepsina
D, mentre altri enzimi lisosomici erano normalioCsupporta I'idea che nelle malattie
ceroido lipofuscinosi la causa della neurodegemanazsia un’alterata degradazione

proteica da parte di catepsina D.

4.4 LE MALATTIE PRIONICHE

Le malattie prioniche sia umane che animali sonoguomppo di malattie
strettamente correlate con i disordini neurodegsiver fatali come la scrapie ovina,
BSE (bovine spongiform encephalopathy) e la CJ@{€feltd-Jacob disesae), kuru e
GSS (Gerstmann-Straussler-Scheinker sindrome) e (FEal familial insomnia)
(Collins, 2000). Le malattie prioniche umane harreo caratteristiche comuni: sono
ereditarie, acquisite in seguito all’esposizionen amateriale infettato, o acquisite
sporadicamente. Sono caratterizzate dall’accumulmd proteina endogena (PrP) con
una conformazione errata (Jackson e Collinge, 200L)evento principale della
malattia € la conversione della proteina prionicanmale PrPc, in una forma non
degradabile, PrPsc (Prusiner, 1998). La proteinB Br modificata attraverso la

formazione di legami disolfuro tra i residui 1792&4 (Stahl e Prusiner, 1991), la
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glicosilazione sull’Asp181 e sullAsp197 (Rudd ét 2001), e la successiva rimozione
di 22 aminoacidi al carbossi-teminale, l'aggiuntai din gruppo GPI
(glicosilfosfatidilinositolo) al carbossiterminalStahl et al.,, 1987). La proteina PrP
cellulare e ancorata alla plasmamembrana attraviegsoppo GPI ed e localizzata alle
vescicole lipidiche ricche di colesterolo (Vey ét 4996). La coda GPI puo’ venire
idrolizzata determinando il rilascio della proteidalla superficie cellulare (Caughey e
Raymond, 1991). Numerosi studi hanno cercato daroli i meccanismi molecolari
della neurodegenerazione causata dall'infezione a&genti prionici ma purtroppo
rimangono tuttora sconosciuti. Rimane, tuttora, noto il ruolo delle modificazioni
post-traduzionali della PrP. E’ stato, recentemensservato un ruolo fondamentale
della coda di GPI nello sviluppo della malattia éSabro et al., 2005). Le cellule che
mancano della forma PrPc ancorata a GPI appaiomuinagli effetti citotossici della
PrPsc. Lewis e collaboratori (2006) hanno utilizaatepsina D per rimuovere una
breve sequenza al C-terminale dalla PrPsc ass@tiaéezione prionica.

5. STRESS OSSIDATIVO, MORTE CELLULARE E
AUTOFAGIA

5.1 STRESS OSSIDATIVO E DANNO NEURONALE

Tra i molti fattori che causano danno neuronalesjmso certamente includere
lo stress ossidativo. L’elevato utilizzo di ossigenl'elevata attivita mitocondriale dei
neuroni rende, infatti, queste cellule particolanteesensibili allo stress ossidativo
mediato dai radicali liberi dell'ossigeno (ROS). &tress ossidativo € considerato uno
dei principali mediatori del declino delle funziontellulari che si osserva
progressivamente durante I'invecchiamento.

Alcuni studi, negli ultimi decenni, hanno dimostrain ruolo diretto dello stress
ossidativo nelle alterazioni fisiologiche che ss@wano in vari organi e tessuti, tra cui
il sistema nervoso centrale (SNC) (Beckman and Am&88). Lo stress ossidativo
determina, infatti, 'aumento, all'interno di unalicla o di un tessuto, dei livelli di
proteine, lipidi e acidi nucleici ossidati. In s@&guall’esposizione con specie radicaliche
dellossigeno (ROS) le proteine possono subire masee modificazioni post-
trascrizionali tra cui: ossidazione degli aminogaidcemizzazione e deaminazione dei

residui di acido aspartico e/o di asparagina, d@daz®ne dei gruppi sulfidrilici
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(Agarwal and Sohal, 1994; Davies, 1987; Sohal e2802; Stadtman e Levine, 2000).
L’ossidazione proteica puo causare l'inattivazidnalcuni enzimi, con un effetto che si
ripercuote a livello di diverse funzioni cellulanicluse: la sintesi proteica, la produzione
di energia, I'organizzazione citoscheletrica e rasmissione di segnali intracellulari
(Agarwal and Sohal, 1994; Squier, 2001; Standtmrahlzevine, 2000). Oltre a questi
effetti, le modificazioni ossidative delle proteipetrebbero contribuire alla formazione
di aggregati intracellulari insolubili dannosi percellula (Agarwal and Sohal, 1994;
Squier, 2001; Standtman and Levine, 2000). La farome di questi aggregati e
favorita dal fatto che l'ossidazione delle proteamampromette il naturale ripiegamento
terziario eaumenta I'idrofobicita delle proteine stesse. Qaedtierazioni favoriscono le
interazioni, non specifiche, proteina-proteina cheloro volta promuovono la
formazione di aggregrati proteici (Agarwal and Spi894; Squier, 2001; Standtman
and Levine, 2000). Gli aggregati proteici possomituire sul’omeostasi cellulare sia
alterando il traffico vescicolare (Butterfield e i&ki, 2001) sia inducendo il rilascio di
segnali di stress all'interno della cellula (Bedikgr e Lynch, 1996; Cuervo e Dice,
2000; Davies, 1987).

Nei neuroni la presenza di aggregati potrebbe essea delle cause della
perdita della funzionalita neuronale che si osseavdivello del SNC durante
'invecchiamento e le malattie neurodegenerative. ddempio tipico e rappresentato
dall’accumulo intracellulare di lipofuscine nei meni durante I'invecchiamento (Yin e
Yuan, 1995; Yin, 1996; Nilsson e Yin, 1997). Lpdfuscine sono aggregati composti
principalmente da proteine, lipidi e alcune tractecarboidrati e metalli (Brunk e
Terman, 2002; Szweda et al., 2003) che spesso rgwrie anche un pigmento
chiamato ceroide (Brunk e Terman, 2002; Szweda let 2803). Il complesso
lipofuscine-ceroide non e degradabile, per la preseali legami crociati. E’ probabile
che la formazione delle lipofuscine abbia iniziolieello dei lisosomi dove la
degradazione di macromolecole ricche di Fe (citmcromitocondriali, ferritina, etc.)
(Brunk e Terman, 2002) favorisce il rilascio di €da sua possibile interazione con
perossido d’idrogeno (#D,). L'interazione Fe e pD, attraverso la reazione di Fenton
porta alla formazione di specie radicaliche attilie sono responsabili dell'ossidazione
di lipidi e proteine all'interno della cellula.

Nel metabolismo la riduzione dell'ossigeno moleo®laavviene per
trasferimento ogni volta di un solo elettrone, pernpud essere accompagnata dalla

produzione di radicali liberi intermedi () H.O,, OH). La produzione enzimatica e
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non enzimatica dei ROS puo avvenire sia fisiolagieate che in corso di particolari
situazioni fisiopatologiche (iperossigenazione di tessuto, riperfusione, processi
inflammatori, esposizione a radiazioni ionizzantlh condizioni fisiologiche la
produzione di radicali liberi & contrastata daltagenza di sistemi difensivi. In queste
situazioni I'anione superossido € convertito peerapdella superossido dismutasi a
perossido d’idrogeno. Il perossido d’'idrogeno eésua volta, ridotto ad ¥ dalla
glutatione perossidasi o a,@ HO dalla catalasi. La neutralizzazione del perossido
d’'idrogeno €& importante perché l'interazione detogsido d’idrogeno con metalli di
transizione come il Fe e il Cu porta alla formaeowmli radicali idrossilici
particolarmente reattivi (reazione di Haber-Weiss).
Lo stress ossidativo, dunque, compare quando vicésqguilibrio tra la produzione di
radicali liberi e la capacita della cellula di ditiersi contro questi. Lo stress ossidativo
incorre, quindi, quando la formazione di radicalimenta e/o quando vengono a meno |
sistemi di riparo.

| ROS possono indurre alterazioni a livello deidipdelle proteine e degli acidi
nucleici. Il danno ossidativo ai lipidi esita neflarossidazione lipidica che determina la
progressiva perdita della fluidita di membranajdazione del potenziale di membrana
e l'incremento della permeabilita a ioni come il*Cd.e modificazioni a livello degli
amino gruppi operato dai ROS puo indurre I'inattieme delle proteine (Davies, 1987).
| ROS possono determinare alterazioni anche adiddl DNA e dellRNA (Brawn e
Fridovich 1981). La superossido dismutasi, le eaialla glutatione perossidasi, la
vitamina E e altri antiossidanti riducono ma noev@ngono i danni macromolecolari
indotti dai ROS (rottura della doppia elica del DNfdrmazione di legami crociati
proteina-DNA e proteine-proteine, frammentaziorn&gica e decomposizione dei lipidi

con formazione di idroperossidi, endoperossidi@i€ aldeidi).

5.2 SRESS OSSIDATIVO E INVECCHIAMENTO NEURONALE

Tra gli organi e i tessuti, il sistema nervosotcas € il piu vulnerabile allo
stress ossidativo. Questo puo essere spiegatodemento di alcune caratteristiche del
SNC che contribuiscono a incrementare i livelli d®DS intracellulari: I'elevato
metabolismo, l'alto contenuto di metalli reattivi l@zione pro-ossidante di molti
neurotrasmettitori. Inoltre, nel SNC si ha un’'@&v concentrazione di lipidi,

soprattutto acidi grassi polinsaturi, che in segull’'esposizione ai ROS possono
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andare incontro a perossidazione lipidica generganddotti di perossidazione lipidica
cosiddetti “LPPs”. Una volta formati, gli LPPs, goso rapidamente interagire con le
proteine provocandone l'ossidazione (Butterfieldamski, 2001). Si tenga poi presente
che nell'invecchiamento la capacita antiossidamtelivello del SNC, diminuisce.
L’aumento dell'ossidazione proteica, nellinvecahento, varia a seconda del tipo
cellulare (Grune et al., 2004 ). Le cellule postatiche presentano, ad esempio, livelli
piu alti di proteine ossidate rispetto alle cellutetotiche. Questo potrebbe essere
dovuto al fatto che le cellule mitotiche, durangmioprocesso di divisione, sintetizzano
nuove macromolecole. Come risultato le macromoedntracellulari delle cellule
mitotiche saranno esposte per un periodo limitatR@S. Alcune aree del sistema
nervoso centrale sono costituite, quasi esclusinsnela cellule post-mitotiche e cio
rende queste zone particolarmente vulnerabili atless ossidativo. Secondo alcuni
studi, con linvecchiamento, il 40% delle proteitogali risulta ossidato (Stadtman e
Berlett, 1997; Stadtman e Levine, 2000). Gli elefeelli di proteine ossidate potrebbe
essere dunque una delle cause principali del dedsservato a livello neuronale,
durante I'invecchiamento. La presenza di aggregatieici, infatti, sembra interferire
con la capacita dei neuroni di formare e mantetergnapsi e con il mantenimento
dell'integrita del citoscheletro e delle normalievidi trasmissione dei segnali
intracellulari.

Un altro aspetto importante dell’invecchiamenteumonale € I'accumulo di
lipofuscine. Alcuni studi hanno dimostrato che aiit 75% dei neuroni, in persone
anziane, presentano un accumulo di lipofusciner(Bri Terman, 2002; Szweda et al.,
2003). Recentemente, e stato dimostrato che I'agkudi lipofuscine-ceroide potrebbe
direttamente inibire l'attivita del proteosoma (&an et al., 2000) e interferire con la
capacita del lisosoma di degradare i mitocondru(Bre Terman, 2002). Le lipofuscine,
quindi, potrebbero promuovere la produzione dei Rfagorita dall’accumulo di
mitocondri danneggiati e favorire I'accumulo diralaggregati cellulari (Taugp-
sinucleina). Oltre ai ROS anche l'ossido nitrico QN se presente ad alte
concentrazioni, puo avere un effetto neurotossicblO e una piccola molecola
bioattiva, generata dall’attivazione dell’enzima JS{Dtetasi, che a livello del sistema
nervoso gioca un ruolo importante nel rilascio deurotrasmettirori, nello sviluppo
neuronale, nella plasticita sinaptica e nella ragiohe dell’espressione genica (Dawson
e Dawson, 1998). Un eccessiva produzione di NO,ecoonseguenza dell’induzione

della NO-sintetasi indotta nelle cellule della roglia una volta attivate, pare associata
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alla neurodegenerazione (Liu et al., 2002). L'NOaé#té concentrazioni puo interagire
con l'anione superossido formando perossinitritiplenole altamente reattive che
possono danneggiare proteine, DNA e RNA (Vaanahah,&005; Cover et al., 2005);

e puo’ stimolare un eccessivo rilascio di glutanmor(@rown e Bal-Price, 2003).

5.3 MORTE NEURONALE E H,0,

Sebbene il perossido d’idrogeno non sia particodguten reattivo nei confronti
delle componenti cellulari esso € in grado d’indula morte cellulare di neuroni
corticali (Whittemore et al., 1994). La tossicitalldH,O, potrebbe dipendere dalla
formazione di radicali idrossilici reattivi. Il pessido d’idrogeno potrebbe indurre la
morte apoptotica dei neuroni attraverso il recligata di molecole pro-apoptotiche
(Wei et al., 2000) come le caspasi. Il perossiddrdgeno esogeno pud incrementare
I'accumulo intracellulare di bO, e indurre I'attivazione delle MAP-kinasi (Ruffeds
al., 2004). Le MAP-K rappresentano un gruppo etemeg di proteine coinvolte in
diversi vie di trasduzione del segnale: ERK redalecrescita e il differenziamento
cellulare mentre Jun-N-terminal-kinasi (JNK) e 188pMAP-kinasi intervengono
principalmente nella morte cellulare. A basse cotrezioni I'H,O, induce la
proliferazione cellulare attraverso l'attivazioneERK e della via di PI3-K/Akt mentre
a piu alte concentrazioni sembra determinare ueséordel ciclo cellulare e successiva
morte per I'attivazione di JNK e della p38MAP-K (aOh Yoon et al., 2002).

Il selenio, un antiossidante, blocca I'apoptosoita dall’ H.O, favorendo l'attivazione

di Akt e inibendo l'attivazione dei geni di mort8ang-Oh Yoon et al., 2002).
Il perossido d’idrogeno, inoltre, pud ossidare edalare direttamente canali, pompe e
scambiatori del C4. L'ossidazione delle pompa Ca-ATPasi, ad esemmgdnibisce la
funzione con un aumento dei livelli citosolici d&®C(Rohn et al., 1993), a questo pud
seguire l'innesco del processo apoptotico (PoersA©98).
Il perossido d’idrogeno media la morte cellularedinverse linee cellulari neuronali
(Ishihara et al., 2000; Jiang et al., 2001; Weal g 2000).
L’ H»0O, induce, modificazioni nucleari (ingrossamento debrip nucleari,
frammentazione, addensamento della cromatina)hipidel processo apoptotico e
rigonfiamentodi organelli quali mitocondri e reticolo endoplasiva (marcatori della
necrosi) (Lim et al., 2002). Questi dati suggensrahe le cellule neuronali trattate con

perossido d’idrogeno potrebbero presentare siatedraipici dell’apoptosi che della

50



necrosi. L'insorgenza della morte apoptotica o otca dipende sia dal tempo che dalla
concentrazione dei ROS (Manev et al., 1995; Cdétere-Polo, 2002).

Recentemente alcuni studi hanno mostrato che éssstossidativo indotto da
H.O, causa la depolimerizzazione della membrana midicale e la formazione di
pori a cui segue la traslocazione del citocromo a¢ mhitocondri al citoplasma
(Takeyama et al., 2002).
Sia la caspasi 3 che la caspasi 8 sembrano edtigadeanella morte cellulare indotta
dal perossido (Zhuang et al., 2000; Kirkland e kilian2002).
L’inibizione della caspasi 3 ma non della caspasefbra essere in grado d’inibire la
morte apoptotica, in cellule di feocromocitof@&12, indotta dal perossido d’idrogeno
(Yamakawa et al., 2000).
Gli effetti intracellulari dell’ HO, esogeno sono simili a quelli osservati nella morte
cellulare indotta da ceramide nelle cellule PC12i(®l et al., 2000).
La ceramide stimola I'espressione di fattori distm@zione, come [I'NFkB, che
intervengono nell'induzione del processo apoptotiariel et al., 2000).
La pergolide, un agonista della dopamina, utiliaza| trattamento delle prime fasi del
Parkinson (Barone et al., 1999) proteggeVitro” cellule di neuroblastoma dalla morte
cellulare indotta dall’ KO, (Uberti et al., 2002).
Anche i flavonoidi, componenti polifenoliche presen vari di tipi di frutta e verdura,
sembrano proteggere i neuroni contro la morte leeuindotta dal KO, (Sam Sik
Kang et al., 2004).
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INTRODUCTION

NEURONAL CELL DEATH AND NEURODEGENERATION

Neurodegeneration and neuronal cell death undéisymptoms of many neurological
diseases (Mattson, 2000). The best-understood mischaof neuronal cell death,
classically defined as “apoptosis,” is mediated waspase 9 activation and a
mitochondrial route, or directly via caspase 8® primary effector, caspase 3 (Yuan et
al., 2003; Lockshin e Zakeri, 2002). Programmed dehth is an essential process for
proper neural development. Cell death, with its ilsmregulatory and executory
mechanisms, also contributes to the origin or msgion of many or even all
neurodegenerative diseases. An understanding ofmniaehanisms that regulate cell
death during neural development may provide newetar and tools to prevent
neurodegeneration.

Apoptosis represents a highly regulated suicideattd@rogram. The term was first
introduced to characterize the morphological fesgwof a specific type of programmed
cell death (PCD) in mammalian system: cell shrirkagiclear condensation, chromatin
margination, and formation of apoptotic bodies. réhas no presence of an
inflammatory response . The pathways of apoptasie bbeen elucidated in large part in
several studies. The apoptotic pathway may difegrethding on the cell type and death
stimulus, morphological features of apoptosis does always correlate with its
biochemical features, activation of the biochemitzdtures of apoptosis does not
always lead to cell death. Caspases are cysteotegses that mediate apoptotic death
in a variety of cellular systems, including neuroaspases are activated through
extrinsic or intrinsic pathways. The latter is usgdmost neurons in most situations. In
this pathway, release of mitochondrial cytochroméento the cytoplasm induces
formation of the apoptosome, which leads to thevaibn of caspase 9 and
subsequently other caspases. Caspase-dependetsapds now viewed as only one

of various possible pathways that a cell may usenttergo cell death.
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LYSOSOMES, AUTOPHAGY AND CELL DEATH

Lysosomes were first described in 1955 by De Duklas collaborators as organelles
enriched with acidic hydrolases and potentiallynffal for the cell (De Duve, 1983).
Lysosomes were considered to be ‘suicide bagsthvin case of accidental rupture
would cause complete dissolution of all cellulaonstituents. Regarding its
physiological role, the lysosome was for long ticensidered simply as the ‘waste-
disposal’ compartment of the cell (De Duve, 1983)is view has been challenged with
the discovery of other related acid organelles #ma finding that lysosomes are
dynamic organelles that move along the cytoskeletath interact with other cellular
compartments. It is now well documented that inealkaryotic cells the acid vacuolar
compartments take part in various cellular processech as partial or extensive
degradation of various substrates, trafficking aedycling of molecules among
internal organelles to and from the exterior of ¢tle#, post-translational maturation of
secretory products (so called ‘crinophagy’) amatagje of undigested material. While
some of these functions are prominent or exclugiveertain specialised cells (e.g.,
crinophagy in endocrine cells and phagolysosomedtion in phagocytic cells), there
is no doubt that the main function of lysosomeslincells is to degrade internalised
material. In cells of the immune system, acid cormpents perform additional
specialised functions such as the processing aeseptation of exogenous antigens
(Riese and Chapman, 2000; Pathak and Blum, 20aD}rey constitute the secretory
granules of cytotoxic lymphocytes (Stinchombe amifiths, 1999) and of mastocytes
(Dragonetti et al., 2000). Interestingly, the deiatthucing protein Fas ligand is sitting
on the membrane of cytotoxic granules of lymphogyRossi and Griffiths, 1999). This
is an efficient way to store preformed Fas L whaan be promptly inserted in the
plasma membrane upon degranulation, thus provigikiling signal for Fas expressing
target cells, in addition to the well-known actiohperforin and granzymes (Bossi and
Griffiths, 1999). As expected, the lysosomal apperas particularly extended and
active in professional immune cells devoted to plegtpsis (Tapper et al., 2002).
Further roles of lysosomes or lysosome-relatedraiies include the resealing of the
plasma membrane following calcium-dependent ex@iyt@aiswal et al., 2002) and
the enlargement of the membrane surface (Borgoebab, 2002).

The acid vacuolar system is composed of membrasegeorganelles

distributed throughout the cytoplasm and conneciadarrier vesicles with the exterior
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of the cell as well as with the endoplasmic retion) the Golgi complex and secretory
vesicles. At least three distinct stages can begmsed: early endosomes, with an
intralumenal pH of 6.0-6.5, late endosomes, witth@e acidic intralumenal pH (the
value is about 5.0) and lysosomes with the most aompartment (the pH is below
4.5). Early and late endosomal compartments aremt&phic and constitute a dynamic
network of tubular and vesicular elements, whilsogomes are circular organelles of
about 0.5um diameter. The early endosome represents thesfage to which plasma
membrane-derived endocytic vesicles deliver theitent (Gu and Gruenberg, 1999).
Both early and late endosomes receive from thasl@olgi Network (TGN) newly-
synthesised lysosomal acid hydrolases via manngde$phate receptor (MPR)-
mediated or MPR-independent transport (Kornfeld d@nelilman, 1989). In these
organelles receptors are sorted and recycled lmattketplasma membrane or the TGN
after acid-dependent dissociation of their ligan#®rnfeld and Mellman, 1989;
Mellman, 1996). Final transport from late endosdméysosome may occur by means
of carrier vesicles (though no evidence for sugtalhway has been provided as yet) or
by transient and limited fusion between the twoaoegjles (the so called ‘kiss and run’
hypothesis) or via fusion of the two organelleshwibrmation of a transient hybrid
organelle from which lysosome and (a smaller) eonws are re-formed (Luzio et al.,
2000). Membrane traffic within the endocytic andeyic pathways is regulated by
several transducers, such as Protein and Lipiddesm&Cardone et al., 1994; Chiarpotto
et al., 1999; Brown et al., 1995), mono- and heteneric-Gproteins (Riederer et al.,
1994; Feng et al., 1995; Nuoffer and Balch, 19@4)cium ions (Togo et al., 1999;
Pryor et al., 2000; Dragonetti et al., 2000), ant ispecified by interaction of paired
proteins on vesicle and target organelles (theaiect'SNARE hypothesis’) (Rothman,
1994; Hay and Scheller 1997). Early endosomes elati®somes and lysosomes can be
discriminated on the basis of the relative presemcabsence of integral or membrane-
associated proteins, such as for instance EEA1l, BAMLAMP2, MPR300, MPR46
and members of the rab family (Karlsson and Canls4998; Tikkanen et al., 1997;
Meresse et al.,, 1995; Plitz and Pfeffer, 2001; Wvand Zerial, 1997). These
organelles also differ in their hydrolase contemd,amost probably in their functions.
For instance, while in endosomes cathepsins maiifict a limited proteolysis, which
eventually results in activation of inactive presans, in lysosomes these proteases

accomplish extensive degradation of the proteiag ttontain (Berg et al., 1995).
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Cellular homeostasis implies that in quiescens®@inthetic and catabolic rates
are balanced to insure control of cell mass. Algioin principle this holds for all
classes of biomolecules present in the cell, ipasticularly evident for lipids and
proteins, as these classes of molecules are bihéamost abundant ones. Moreover,
turnover of lipids and proteins occurs constantlythe cell for renewal of membranes
and enzymes. Normal cells show the ability to matiukhe rates of macromolecular
synthesis and degradation in response to stimui emvironmental conditions that
influence cell growth; however this ability is lost transformed and tumour-derived
cells (Lockwood et al., 1982; Lockwood and Minassia982; Knecht et al., 1984;
Tessitore et al., 1987; 1988). Lysosomes, the @igswith the highest concentration
of proteases and other hydrolytic enzymes insidectil (De Duve, 1983), are primarily
involved in the maintenance of cellular homeostasisaccomplishing the degradation
of autologous material (Mitchener et al., 1976; &meet al., 1984). Lysosome-
mediated protein degradation is reduced in car@negis (Kisen et al., 1993) and in
tumours (Bradley, 1977; Tessitore et al., 1988)rddwer, the expression and activity
of lysosomal cathepsin D were found to be downagd in proliferating normal and
in transformed cells (Lockwood and Shier, 1977]dso et al., 1995). Conversely, up-
regulation of the expression and activity of lysosb cathepsins B, D and L was
reported in association with enterocytic-like diéfstiation of human colon carcinoma
cells (De Stefanis et al., 1997; Isidoro et al.97)9 Substrates to be degraded can be
delivered to lysosomes by means of three pathwaysoautophagy, in which small
pieces of cytoplasm are directly entrapped by imatgn of the lysosomal membrane
(Dunn, 1994), an hsc73 chaperone-mediated mechamkioh exploits the lysosomal
membrane protein LAMP2a as receptor to translocgtesolic proteins bearing the
KFERQ pentapeptide motif (Cuervo and Dice, 1998;e@a et al., 2003), and
macroautophagy, by which entire organelles alont¢h v portion of cytosol are
disposed of (Kim and Klionsky, 2000). In all eukatig cells, basal autophagy (in its
three forms) ensures the physiological turnoverolof cytoplasmic structures, thus
contributing to the homeostatic equilibrium betwgaotein synthesis and organelle
biogenesis versus protein degradation and organdlgposal (Dunn, 1994).
Macroautophagy is certainly the major process fgrddation of cellular constituents,
its rate being enhanced under stress circumstathasproduce organelle damage
(Lemasters et al., 1998) or under extreme nutrieessriction, in order to recycle

biomolecules for the synthesis of essential carestits (Kopitz et al., 1990; Munafo and
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Colombo, 2001). The latter are examples in whidoluagy elicits a protective action
in favour of cell survival. In other cases, extgasautophagic degradation involving
large portions of the cell is induced as part aigpammed cell death, the so called ‘type
II' cell death (Bursch, 2001). The autophagic psscstarts with the entrapment of a
portion of cytoplasm that may include an entire amgle by a double-membrane
vesicle, generally derived from the smooth endapiaseticulum (Dunn, 1990; Bohley
and Seglen, 1992), and probably also from the T&iNafa et al., 2001), to form the
autophagic vacuole. The subsequent steps includkrdpand fusion of the autophagic
vacuole with the lysosome and breakdown of the ghagic body. The autophagic
process is tightly regulated at various levels ¢Kski and Emr, 2000; Kim and
Klionsky, 2000) and is under the control of th& subunit of the heterotrimeric G
protein (Ogier-Denis et al., 1995; 1996), varioust@n phosphatases (Holen et al.,
1992), and class | and class Il phosphoinositidténases (Pl 3-K) (Petiot et al., 2000).
How are cell growth (increment in cellular masg)dacell proliferation

(increment in cell number) coordinated ? It is cawable that in quiescent cells the
rates of synthesis and degradation are in equihioriwhile in growing and proliferating
cells the rate of synthesis is likely to overridett of degradation to achieve net
accumulation of macromolecules (Baccino et al. 413%&echt et al., 1984). How is the
autophagic degradative pathway down regulatedisndicumstance ? One mechanism
relies on the phosphorylation of the ribosomal @rotS6, that functions as a signal for
protein synthesis (Chou and Blenis, 1995) as wekrminhibitory signal of autophagy
(Blommaart et al., 1995). The kinase cascade lgaidir56 phosphorylation starts with
the activation of class | Pl 3-K by stimulated gtbviactor receptors and proceeds via
PKB/AKT and mTOR (the mammalian homologue of thasteTarget of Rapamycin)
(Chung et al., 1992). Therefore, under environmeoteditions favourable to cell
growth, TOR promotes protein synthesis and inhibiitophagic protein degradation,
while under unfavourable conditions TOR is inactaved allows the upregulation of
autophagy (Dennis et al., 1999). In this schemeR T@hctions as a sensor that permits
the cell to adjust mass accumulation to a levelr@gmpate to nutrient availability
(Schmeizie and Hall, 2000). A crucial messenger tiis pathway is the
phosphoinositide 3,4,5, triphosphate (PiP3), tivecgal (and first) product of class | Pl
3-K (Petiot et al., 2000). The level of PiP3, armhsequently that of inhibition of
autophagy, is physiologically lowered by the lipjohosphatase called PTEN

(phosphatase and tensin homolog deleted on chroneden), which removes one
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phosphate group to generate PiP2. Therefore, PTENas a positive regulator of basal
autophagy (Petiot et al., 2000). Another impor{aogitive regulator of autophagy is the
Bcl 2-interacting protein Beclin 1 (Liang et al990), the human homologue of the
protein Vps30p/apg6p involved in autophagy and wleprotein sorting in yeast.
Intriguingly, Beclin 1 has been shown to also iatémwith the class 11l Pl 3-K required
for the formation of the autophagic vacuole in maaham cells (Kihara et al., 2001).
The finding that PTEN and Beclin 1 act as oncoseggors that are mutated in as many
as 50% of human carcinomas, further illustratessthet link between autophagy and
cancer (Di Cristofano and Pandolfi, 2000; Aita ket #999). PTEN plays a central role
in regulating the signalling responsible for grow#tdhesion and migration. Altered
levels of PTEN expression have also been implicatédmour-associated angiogenesis
(Wen et al.,, 2001; Huang and Kontos, 2002). Reasgon of PTEN in PTEN-
deficient tumour cells restores the susceptibildycell death (Simpson and Parsons,
2001) and suppresses tumour cell invasion acrassnient membranes (Tamura et al.,
1999). Similarly, it has been shown that reconstitu of high level of Beclin 1
expression in breast cancer cells results in indocbf autophagy and enhanced
proteolysis that are associated with inhibition @#ll proliferation and reduced
tumourigenesis imudemice (Liang et al., 1999). These observations sti@vthere is
a link between the down-regulation of the autoptidyggosomal system and the
acquisition of a more aggressive phenotype in tusou

Autophagic cell death is associated with up-regutatof the autophagic
pathway that leads to uncontrolled digestion of selictures by lysosomal hydrolases,
mainly cathepsins (Schwartz et al., 1993; Bursdil.eR000). Endocytosis and delivery
to endosomes of TNF-TNFR1 complex provide a fumetidink with the activation of
acidic sphingomyelinase that leads to ceramide ymtbmh (Wiegmann et al., 1994,
Monney et al., 1998) and of lysosomal cathepsirDBigs et al., 1996; Démoz et al.,
2002), both associated with TNRnduced apoptosis. Also cathepsin B has been shown
to mediate the death signal of TéFEGuicciardi et al., 2000; Foghsgaard et al., 2001)
In both studies, cathepsin B was shown to trangdofram lysosomes to the cytosol
upon treatment with TN In L929 fibroblasts apoptosis by this cytokinesvgdown to
depend on the activity of cathepsin D, althoughcyimsolic release of the lysosomal
protease could be demonstrated by immunofuoresa@emoz et al., 2002). In cells
undergoing apoptosis, leakage of lysosomal cathspsi it occurs, must be finely

controlled since there is no disruption of the §@mal membrane, as shown by the fact
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that lysosomes are still intact and able to retam pH gradient (Foghsgaard et al.,
2001; Démoz et al., 2002). On the other hand, madeiak of lysosomal hydrolases is
expected to induce a necrotic type of cell deadkthar than apoptosis. The proposed
mechanism that links cathepsins with caspases vesokhe cytosolic release of
cytochrome ¢ from mitochondria via cleavage of B&uicciardi et al., 2000; Stoka et
al., 2001). Alternatively, it has been proposed tahepsin L can activate procaspase 3
with the aid of an as yet unidentified lysosomalnmbeane-bound protease (Katunuma
et al., 2001). However, in a model of lysosomal tpdamage-induced apoptosis the
processing of Bid was clearly operated by a lysaddmdrolase, although inhibitors of
cathepsins B, D and L were not effective (Reing¢ral.e 2002). It should be noted also
that lysosomotropic agents (Neuzil et al., 1999;ekLial., 2000) and the synthetic
retinoid CD437 (Zang et al., 2001) cause leakagb/siisomal cathepsins associated
with induction of apoptosis. How this leakage oscus not known, though it is
probably favoured by the formation of free radicasthe lumen of lysosomes via a
Fenton-like reaction (Roberg et al., 1999; Brunkl &vensson, 1999; Ollinger, 2000).
The lysosomal-autophagic system is also probahlglved in apoptosis, perhaps only
in the initial steps. The following two observatsosupport this hypothesis: Beclin 1, a
positive regulator of autophagy, interacts with #mtiapoptotic protein Bcl-2 (Liang et
al., 1998) and some of the same signals that triggmptosis may also induce
autophagy (Xue et al., 1999). In conclusion, in ynaincumstances, lysosome acts as a
central organelle which determine which type oftdgmthway will dominate in injured
cells as a result of the type, intensity and darabf the cytotoxic treatment (Ferri and
Kroemer, 2001).
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1. LISOSOMI E CATEPSINE LISOSOMICHE COME
POTENZIALI MARCATORI PER LA MORTE DI CELLULE
TUMORALLI: UNO STUDIO SPERIMENTALE SUL
NEUROBLASTOMA

Nel 1979 Greenbaum e collaboratori hanno riportéi® in vivo' la Pepstatina
A, un inibitore specifico di catepsina D, ralletagormazione e I'accumulo di fluido in
peritoneo nei topi portatori di tumore ascite (Giwmum et al., 1979). Piu
recentemente, Leto e collaboratori hanno dimostrette le sostanze E-64 and
pepstatina A, inibitori rispettivamente di cisteipmteasi lisosomiche e di catepsina D,
riducono e impediscono la formazione di metastasopi portatori di tumori mammari
e ovarici (Leto et al., 1994). Nel nostro laborai@bbiamo dimostrato che I'inibizione
delle catepsine lisosomiche conduce a morte cdlluteuroblastoma umanan*vitro”
(Castino et al., 2002). Effetti analoghi degli itdbi delle catepsine furono riportati
anche in cellule neuronali e in epatociti primalsafara et al., 1999). Queste
osservazioni sembrerebbero in contraddizione c@neupposto ruolo delle catepsine
come mediatori dellapoptosi. A questo propositopene notare che la proteolisi
mostra un ruolo fondamentale nel turnover protemsi come nell’attivazione di pro-
enzimi, pro-ormoni e di fattori di sopravvivenzae(g et al., 1995). Se queste funzioni
vitali sono compromesse le cellule possono andacentro a morte. Rimane da
spiegare, comunque, come l'inibizione delle pratéiaesomiche possa determinare
una morte cellulare apoptotica con coinvolgimergtiedcaspasi, enzimi che risiedono
nel citoplasma (Castino et al., 2002). Una possisipiegazione e che linibizione
prolungata della proteolisi lisosomica porti altamulo di substrati ossidati che
possono causare il “leakage” (letteralmente “gdecn@nto”) delle membrane
lisosomiali. Questo €, probabilmente, anche il raamo d’azione degli agenti
lisosomotropici che accumulano nei lisosomi e inaab il pH lisosomico. Tra i
farmaci antiblastici, che causano apoptosi induceiid “leakage” dai lisosomi,
ricordiamo l'inibitore C1311 della topoisomerasi(Burger et al., 1999), il retinoide
sintetico CD437 (Zang et al., 2001) eaFTocopheryl succinato (Neuzil et al., 2002).
Queste osservazioni rafforzano l'ipotesi del rudkle catepsine lisosomiche nello
sviluppo di tumori e nella progressione neoplastcancoraggiano gli studi per
ricercare nuovi e piu efficaci farmaci chemiotecapiSia in ‘in vivd’ che “in vitro”

questi inibori causano inevitabilmente effetti smstci e cio rimane una limitazione al
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loro uso nella terapia. Un obbiettivo della ricegajuello di trovare un sistema per
veicolare questi inibitori limitando gli effettigiemici.

Il neuroblastoma €& una neoplasia del nevrassecaidmazione extracranica,
altamente maligna e con elevata capacita di méiasaione. Il neuroblastoma
rappresenta 1'8-10% di tutte le neoplasie malignéde della prima infanzia ed e
secondo per frequenza ai tumori del sistema nergestrale. La neoplasia insorge piu
frequentemente nel primo e nel secondo anno dievdlemunque nei primi cinque anni
di vita nella quasi totalita dei casi. L'incidengadi 10 casi per anno per milione di
bambini di eta compresa tra 0 e 4 anni, e di 4 pasanno per milione di bambini tra i
6 ei9 anni.

Il neuroblastoma appartiene ad una famiglia di tanderivati dalla
trasformazione neoplastica di un precursore d&rsig nervoso periferico originato da
cellule migrate dalla cresta neurale (Heyes et18l89). Fra queste diverse neoplasie
alcune si presentano con caratteristiche propriee dellule primitive del sistema
nervoso simpatico e vengono denominate neuroblastatire, a carattere piu
differenziato, e costituite da cellule affini aglementi maturi del tessuto nervoso, sono
denominate ganglioneuromi (Heys et al., 1989). iblegia del neuroblastoma e
sconosciuta nella maggior parte dei casi. In alcasi la comparsa della neoplasia pare
correlare con I'esposizione prenatale a certeasast quali fenobarbital, alcool,
coloranti (Kramer et al., 1987).

La chemioterapia € la principale modalita dittratento del neuroblastoma. Sono
stati individuati, a questo riguardo, diversi faanefficaci: ciclofosfamide, cisplatino,
doxorubicina, vincristina e peptichenio (miscelasdi oligopeptidi sintetici contenenti
m-L fenilalanina mostarda) (Keshelava et al., 1997)

Abbiamo analizzato il ruolo della proteolisi endosca-lisosomica nella
sopravvivenza di due linee di neuroblastoma um&ied_(-N e LAN-5) che presentano
una diversa suscettibilita al trattamento con faineéotossici e citochine e hanno un
diverso livello di espressione delle catepsinesisoiche B e D. In questo modello
cellulare, l'inibizione delle catepsine B e D coh ipibitori farmacologici E-64 o
CAQ74Me (inibitori di CB) o pepstatina A (inibitordi CD) si sono rivelati citotossici
per le due linee. La morte cellulare ha le carstiehe tipiche dell’apotposi
(condensazione e frammentazione della cromatimajiré, I'inibizione delle caspasi

protegge le cellule di neuroblastoma dalla morieuleee indotta dall’inibizione delle
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catepsine B e D. | dati riportati indicano, percahe linibizione prolungata della

proteolisi lisosomica € incompatibile con la sopragnza cellulare.
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In 1979 Greenbaum and co-workers ntedathat the ‘in vivo’ administration
of Pepstatin A, an inhibitor of cathepsin D, reetdhe formation and the accumulation
of ascitic fluid in mice bearing ascites tumoursrg€hbaum et al., 1979). More
recently, Leto and co-workers have reported on bemeficial effects of the
administration of E-64 and pepstatin A, inhibitofs lysosomal cysteine-proteases and
of cathepsin D, respectively, with regard to metsist formation in mice bearing
metastatic mammary and ovarian cancers (Leto,e1294). In the same line, we found
that inhibition of lysosomal cathepsins was detntaéfor human neuroblastoma cells,
resulting in induction of apoptosis (Castino et 2D02). Similar effects of cathepsin
inhibitors were reported in neuronal cells and im@ary hepatocyte cultures by other
groups (Isahara et al., 1999). These latter obiensaseem to contradict the supposed
role of cathepsins D and B as mediators of apoptoss outlined in previous
paragraphs. However, it should be noted that lysas@roteolysis plays a unique role
in protein turnover as well as in the activatiorpod-hormones and pro-survival factors
(Berg et al., 1995), as revealed by studying thenpltypes of cathepsin knock-out mice
(Saftig et al., 1995). If these functions are coonpised the cells become frail and
eventually die. It remains unexplained, howeveny ttbe inhibition of a lysosomal
protease can trigger an apoptotic signal that weskytosolic caspases (Castino et al.,
2002). One possibility is that the prolonged intidm of lysosomal proteolysis leads to
the accumulation of oxidized substrates that ewaiytwcause lysosomal leakage. This
is probably also the mechanism of action of lysostnapic agents that accumulate
within lysosomes and buffer the intravacuolar phhadkhg the known antiblastic drugs
that cause apoptotic cell death by inducing primagkage from lysosomes are the
topoisomerase ll-inhibitor C1311 (Burger et al.99f the synthetic retinoid CD437
(Zang et al., 2001) and theeTocopheryl succinate (Neuzil et al., 2002). Altthope
these observations emphasize the role of lysosoathkepsins in tumour development
and progression and encourage the search for n@wnare effective chemotherapeutic
drugs that target the lysosomal function. Howetbg ‘in vivo’ use of lysosomal
cathepsin inhibitors or of lysosomotropic agents bavious limitations because of
unavoidable systemic toxic effects. A major goakedearch in cancer chemotherapy,
nowadays, is indeed the finding of a carrier systbeat would allow the delivery and
site-specific uptake of the cytotoxic cargo in twndissue. Neuroblastoma is a
particularly aggressive tumour very frequent inldfwod. It has been proposed that

neuronal cells are ‘intrinsically’ programmed te dind that they can be rescued from
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such destiny only if they continuously receive swal/signals from other cells. In this

context, the endocytic system provides a uniqubvpay for neurons to internalize and
metabolize extracellular nutrients and trophic dagt The essential role of such
functions in the physiology of the nervous systesnwell illustrated by several

neurodegenerative disorders (e.g., Alzheimer’'s adise prion diseases, ataxia-
teleangectasia) associated with abnormalitieseoétidosomal-lysosomal apparatus.

In the present work we analyzed the role of end@ddysosomal proteolysis in
cell survival in two neuroblastoma cell lines (GHYL and LAN-5) that differ in their
susceptibility to apoptotic treatments by cytokiresantiblastic drugs and in their
regulation of Cathepsins B and D expression.

Inhibition of lysosomal function by vacuolar alkatators such as ammonium
chloride or chloroquine revealed to be cytotoxichoth neuroblastoma cell lines. This
cell death showed morphological and biochemicaltufes typical of apoptosis,
including appearance of the hypodiploid peak (asessed by cytofluorometric
analysis) and participation of caspases.

We further investigated the consequences of lysas@roteases inhibition on
neuroblastoma cell survival. The treatment with &£d& CA074-Me (two specific
inhibitors of Cathepsin B) or with Pepstatin A (@esific inhibitor of Cathepsin D)
revealed cytotoxicity for two neuroblastoma ceflels. Cell death was associated with
condensation and fragmentation of chromatin, anfeak of apoptosis. Concomitant
inhibition of the caspase cascade protected neastiyha cells from cathepsin
inhibitors-induced cytotoxicity.

These data indicate that prolonged inhibition bé tlysosomal proteolytic
pathway is incompatible with cell survival and tktze cathepsin-mediated and caspase-
mediated proteolytic systems are connected anderatgin the regulation of neuronal
cell death and survival. Of potential clinical nd@ce is that it appears possible to
improve the cure of neuroblastoma by including epfiin inhibitors in the

chemotherapeutic regimen.
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Meuroblastoma is the most common type of cancer in
infants. In children this tumor is particularly a%gressi\r@; de-
spite various new therapeutic approaches, it Is associated
with poor prognosis. Given the importance of endosomal-
r{sosomal proteolysis in cellular metabolism, we hylpathe-

zed that inhibition of lysosomal protease ‘would mpact
negatively on meuroblastoma cell survival. Treatment with
E-64 or CAO0T4Me (2 specific inhibitors of cathepsin B) or
with pepstatin A (a specific inhibitor of cathepsin D) was
cytotoxic for 2 neurcblastoma cell lines having different de-
grees of malignancy. Cell death was associated with conden-
sation and fragmentation of chromatin and externalization of
plasma membrane phosphatidylserine, 2 hallmarks of apo-
ptosis. Concomitant inhibition of the caspase cascade pro-
tected neuroblastoma cells from cathepsin inhibitor-induced
cytotoxicity. These data indicate that prolonged inhibition of
the lysosomal proteolytic ?alhway is incompatible with cell
survival, leading to apoptosis of neuroblastoma cells, and that
the cathepsin-mediated and caspase-mediated proteolytic
systems are connected and cooperate in the regulation of
such an event. Since modern antitumor chemotherapy is
aimed at restoring the normal rate of apoptosis in neopﬂ!tic
tissues, the demonstration that endosomal-lysosomal cathe-
psins are involved in this process may constitute a basis for
novel stratagies that include cathepsin inhibitors in the ther-
apeutic regimen.

@ 2002 Wiley-Liss, Inc.

Koy words: apopiosis, nearoblasioma; caspases: cathepsing, pro-
tease inhibitors

Altered regulation of cell survival and death. including apopto-
sis, is considered an important factor in tumor development and
progression, as well as in the response to antineoplastic therapy .=
The molecular pathways controlling apoptosis include a complex
network of intracellular proteases that act in an orderly sequence
on cellular substrates and lead to characteristic modifications of
cell morphology with eventual DNA cleavage and apoptotic body
formation. Several proteolytic systems have been shown to partic-
ipate in the apoptotic process, depending on the cell type and
stimuli adopted. With few exceptions, the caspase system sgems to
be the most universally involved one.®# Recently, proteases resi-
dent within the endosomal-lvsosomal compartment (cathepsins)
have also been associated with apoptosis®— These studies dem-
onstrated the need for a cathepsin-mediated proteclytic event in the
apoptotic pathway triggered by cytokines or antiblastic drugs. In
addition, the active participation of the autophagic proteclytic
pathway, particularly of lysosomal cathepsins B and D (CB. CDy),
has been envisaged in rat pheochromocytoma PC12 cell death after
nutrient and serum factor deprivation. In this model of caspase-
dependent apoptosis. CD acted as a death factor. whereas CB acted
as a pro-survival factor.t®

We followed an opposite approach, assuming that the endoso-
mal-lysosomal proteclytic pathway serves crucial functions for
cell viability. Indeed, experiments using cathepsin gene knockout
and cathepsin inhibitors demonstrated the redundancy of protec-
Iytic enzymes in the lysosomal apparatus so that overall protein
turnover is not affected by single-cathepsin deficiency. 142 In
neuronal cells, besides a role in intracellular protein turnover, the
endosomal system provides a unique pathway to metabolize inter-
nalized extracellular nutrients and trophic factors that are essential
for their survival.'® We therefore tested the hypothesis that neither
cathepsin is dispensable in nervous svstem-derived tumors. As

model systems we employed 2 human neuroblastoma (NB) cell
lines, namely, GILIN and LAN-5, that have previously been
shown to differ in their malignant properties such as proliferation
rate, degree of neuronal-like maturation and response to i vitro
apoptogenic treatments with chemotherapeutic dmgs and cvto-
kines."*~'* In this respect, LAN-53 cells appear more prone to
undergoe neuronal-like differentiation, whereas GILIN cells appear
more susceptible to drug-induced apoptosis. We found that sus-
tained inhibition of CB- or CD-mediated proteclysis is detrimental
per se for NB cell survival. We also show that blocking the caspase
cascade can largely prevent apoptosis by CDvor CB inhibitors.
This observation suggests that the cathepsin- and caspase-me-
diated proteclytic systems are connected and cooperate in the
regulation of neuronal cell death and survival. Current antitumor
strategies are designed to induce tumor cell death via apoptosis,
rather than necrosis, in order to avoid inflammatory side effects. In
this respect, the present data are of potential clinical relevance,
since it appears possible to improve the cure rate of neuroblastoma
by including cathepsin inhibitors in the chemotherapeutic regimen.

MATERIAL AND METHODS
Cell cultures and treatmenis

NB cell lines, GILIN and LAN-5." were grown in a 5% OO,
atmosphere in RPMI- 1640 medium supplemented with 10% heat-
inactivated FCS. 4 mM glutamine and penicillin/streptomycin mix
(1%0). Culture reagents were purchased from Si§ma (St. Louis,
M. For experiments, cells were seeded (5 % 107 cellsfem® in 25
cm? flasks) and allowed to adhere for 48 hr prior to any treatment.
Protease inhibitors were added daily in fresh medium. Pepstatin A
(PST) and E-64 (N-[L-3-trans-carboxyoxirane-2-carbonyl]-L-
leucyl-3-methylbutylamide) were from Sigma. CAOT4Me (N-[L-
trans-propylearbamoyloxirane- 2-carbony1]- L-isoleucyl-L-proline)
was from Bachem (Bubendorf, Switzerland). zVADfmk (benzy-
loxycarbonyl-Val-Ala-Asp fluoromethylketone) and DEVDcho
(benzyloxycarbomyl- Asp-Glu-Val-Asp aldhevde) were from Bi-
omol (Plymouth Meeting, PA).

Abbreviations: CAUTAMe, EL—tmnsp ylearbamoyloxirane-2-car-
bonyli-L-isclencyl-L-proline; CB cathepsin ]f CD. cathepsin D: DAPL
4-6-diamidine 2-phenylindal-dikydrochloride; DEVD cho, l:enz)lox}tnr
bonyl- Asp-Glu-Val-Asp aldehyde: E-64. N- (L-3-trans-carbogyoxirane-2-
carbonylj-L-leucyl-3-me thylbatylamide; FITC, fluorescein iscthiocyanate:
NE, neuroblastoma: PST. pepstatin A TB. trypan blue, 2V ADfmk. ben-
zylox yearbonyl-Val-Ala- Asp fluoromethylketone.
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Biochemical and morphologic evaluation of apopiosis

Culiures were observed at 12 hr intervals under a phase-contrast
light microscope (Zeiss, Axiovert 25) and photographed (Contax
167MT). This allowed an objective evaluation of morphology and cell
density, and the detection of apoptotic or necrotic cells, At the times
indicated, adherent cells from control and treated NB cultures were
harvested by trypsinization and counted. Occurrence of necrosis in
detached cells was demonstrated by the trypan blue staining st or by
cytofluorometric analvsis after staining with propidium iodide. Oe-
cumence of apoptosis was ascertained morphologically and cytoflu-
amometrically. Chromatin alterations were demonstrated by staining
the cells with the DNA-labeling fluorescent dye 4-6-diamidino 2-phe-
aylindol-dihydrochloride (DAPIL). af 1 pg'ml methanol). Moreover,
the appearance of a subdiploid cell population. corresponding to
apoptotic cells, was monitored by flow cytometry on whole cell
populations (ie., monolayer plus cells recovered from the medium)
fixed (30 min with 70% ethanol) and stained with propidium iodide
(0.2 mg/ml) in the presence of DM Ase-free RNAse.

As an independent method to assess apoptosis, the presence of
cells expressing annexin V binding sites at the surface was eval-
vated by fAlow cytometry. Annexin V binds specifically to phos-
phatidylserine, which is known to be externalized on the plasma
membrane at an early stage of apoptosis.!” This method also
allows an objective quantitation of apoptosis.'” Staining of cells
(which were not fixed) with annexin V by fluorescein isothiocya-
nate (FITC) and propidium iodide was performed using the Early
Apoptosis detection kit (Bender MedSystems, Vienna, Austria)
following the manufacturer’s instructions. Under this condition
propidivm iodide enters only necrotic cells, either primary (an-
nexin V-negative) or secondary to apoptosis (annexin V-positive).
Fluorescently labeled cells were detected with a FacScan flow
cytometer (Becton Dickinson, Mountain View, CAJ. At least
10,000 events were analyzed for each sample. In some experi-
ments cytotoxicity was evaluated by colorimetric estimation of
adherent cells stained with crvstal violet. Briefly, cells were left to
adhere in flat-bottomed 96-well plates after being exposed o
protease inhibitors, washed twice with PES and incubated for 10
min at 37°C with 50l of staining solution (crystal violet 0.5%,
formaldehyde 4%, ethanol 30%, NaCl 0.17%). The staining solu-
tion was removed, and the cells were washed twice and left to dry
for | hr at 50°C. Adherent stained cells were resuspended in 33%
acetic acid, and the intensity of the stain was determined at 570 nm
in a microplate reader {model 450, Bio-Rad. Hercules, CA)
equipped with the software microplate manager/PC. If not other-
wise specified, reagents were purchased from Sigma.

Statistical analvsis
Statistical significance of differences between groups of data

was determined by using the paired /~test (Instat-3-statistical soft-
ware, Graphpad 5. San Diego, CA).

RESULTS
Inhibition of either Iysosomal cathepsin B or D 5 incompatible
with neuroblastoma cell survival
Given the essential role of lvsosomal proteolysis in the metab-
olism of extracellular nutrients and trophic factors internalized in
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the endocytic system by neuronal cells, we evaluated the conse-
quences of CB or CD inhibition on NB cell viability. GILIN and
LAM-5 cells were treated for up to 72 hr with 100 pM E-64 or 10
M CAO74Me (2 inhibitors of CB'8-1%) or 100 pM pepstatin A (an
inhibitor of CD?%). These concentrations of cathepsin inhibitors
were chosen based on previous work from this and other labora-
tories demonstrating the effective inhibition of lysesomal protein
degradation.t21% The results of this experiment are summarized in
Tahble I. CD inhibition revealed cytotoxicity for NB cells, causing
by 72 hr about 70 and 90% cell loss in GILIN and LAN-5 cells,
respectively. The long incubation time required for pepstatin A 1o
exert its cytotoxic effect is in agreement with the low rate of
intracellular accumulation of this inhibitor in cultured cells.*
CAO0T4Me, which is highly membrane-permeable and highly spe-
cific for CB,' readily exerted its effects, causing about 40% cell
loss within 24 hr and almost complete death of the cultures by 48
hr of treatment. In this experimental condition CAO74Me caused
cell death primarily by necrosis, as assessed by flow cytometry
(not shown). In this respect, LAN-5 cells were more susceptible
(see below). E-64, which is a broad-spectrum inhibitor of cysteine
proteases, of which CB is one, was much less cytotoxic than
CAOT4Me, causing about 40% cell loss by 72 hr of treatment. The
discrepancy between the cytotoxic effects of CAO74Me and E-64
can be partly explained by differences in their permeability and
accumulation within acidic compartments.

Carkepsin inhibitors induce cell dearh with morphologic features
typical af apoptosis

Apoptotic cell death is characterized by cell shrinkage. cleavage
of nuclear DNA, condensation of chromatin and fragmentation of
nucleus and cytoplasm with consequent formation of apoptotic
bodies. To ascertain the occurrence of such features, we examined
pepstatin A- and E-64-treated cells under a fluorescent microscope
after chromatin staining with DAPL As shown in Figore 1. treat-
ment with either lysosomal protease inhibitor was associated with
extensive chromatin alterations. These were clearly detectable in
detached cells recovered from the medium, whereas they were not
(or only slightly) apparent in treated cells still adherent to the
plastic (not shown), suggesting that nuclear alterations were a late
event of this apoptatic process.

Apoptosis by cathepsin inhibitors is caspase-dependent

In szveral models the apoptotic process was shown to depend on
the sequential activation of cytosolic proteases belonging to the
caspase family* Whether the caspase cascade and the lysosomal
proteolytic pathway intersect during onset of apoptosis is not
known, We therefore looked for the involvement of caspases in the
apoptotic pathway initiated by CB and CD inhibitors. To inhibit
the activation of the caspase cascade, we used zVADfmE, which
exhibits a broad-spectrum inhibitory potential (including initiator
caspases). and DEVDcho, which inhibits caspase 3. Both these
inhibitors are cell-permeable and accumulate in the cytosol within
few hours.?* In a first set of experiments, GILIN cells were treated
for 24 or 42 hr with a cathepsin inhibitor, and a caspase inhibitor
was added at the same time. In 48 hr treated cultures, the medium
was renewed after the first 24 hr, and substances were re-added in
order to avold side effects from nutrient consumption and possible

TABLE 1-CYTOTOXIC EFFECTS OF CT AND CB IMHIBITORS'

FST Esd CADT4Me
Time (hn
GILIN LAN-S GILIN LAN-S CILIN LAM-S
24 02+8 0+ 9 100 = & 909 59+3 50+4
48 3T+3 AT+4 a0 * 9 93+ 6 ix2 i+3
T2 30+4 1n+1 60 * 3 ] 0 0

'NB cells were incubatzd for up to 72 hr in the absence or presence of a CD inhibitor (100 pM pepstatin
A [PST]por a CB inhibitor (100 pM E-64 or 10 oM CAOT4Me) as indicated. Medium was changed daily
and substances re-added. At 24 hr intervals, adherent viable cells were counted. Data are expressed as
percentage of cells in treated cultures with respect to controls and represent the mean = 5D of 4 separate

experiments.
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Fiovre 1 - Chromatin alterations induced by lysosomal protease
Inhibitors in NB cells, GILIN and LAN-5 cells were incubated for up
10 72 hr in daily renewed medium with 100 pM pepstatin A (PST) or
100 pM E-64, Detached cells were recovered from medium of treated
coltures and left to adhers on a glass coverslip. Parallel untreated
cultures (Co) were set on sterile glass coverslips. Cells were then
stained with DAPI to show DNA and observed and photographed
under a Auorescent microscope. Nuclei of control cells were of regular
size and shape and were evenly stained with the fluorescent dye. By
contrast, nuclel of treated cells were smaller and clearly exhibited
chromatin condensation and fragmentation. Original magnification
% 1,000,

accumulation of secreted toxic factors. CAO74Me and pepstatin A
werz used o specifically inhibit CB and CD. respectively.
ZTVADfmk at 2 M concentration prevented apoptosis induced by
pepstatin A, but not by CAO74Me, whereas at 10 M concentra-
tion it protected NB cells from both pepstatin A- and CAOT4Me-
induced apoptosis (Fig. 2a). At 5 uM, DEVDcho, a rather specific
inhibitor of caspase 3, also protected NE cells from cytotoxicity
induced by lysosomal inhibitors (not shown), We performed a flow
cytometric analysis of annexin V" “stained cells to monitor the
occurrence of apoptosis.

As shown in Figure 20, a large proportion of GILIN cells reated
with a cathepsin inhibitor exhibited positivity for annexin V. which
was abolished when the incubations were performed in the pres-
ence of the pan-caspase inhibitor zVADfmk. These data indicate
that the inhibition of a lvsosomal protease penerates an apoptotic
signal that alters the plasma membrane symmetry in a caspase-
dependent mode. To quantitate the protective effect of zVADfmE
in GILIN cells exposed fo a cathepsin inhibitor, we pedformed a
colorimetric test that indirectly measures the cells attached to the
plastic. The data shown in Figure 3 confirm that cell loss induced
by CAOTAMe or pepstatin A can be largely prevented provided
that a caspase inhibitor is present during the incubation.

Finally, we extended the above observation to LAN-5 cells. In
these experiments, cell death was evaluated by counting the trypan
blue-positive cells (representing necrotic cells) and by flow cyto-
metric analysis of annexin V ©_stained cells (Fig. 4). LAN-5
cells were highly susceptible to the cytotoxic action of cathepsin
inhibitors. In this respect, CAO74Me was the most effective, caus-
ing more than 30% cell death (largely by primary necrosis), when
used at 10 pM concentration for 24 hr (not shown). For this
reasof. in LAN-5 cultures this drug was used at 5 pM final
concentration for a period of 12 br. Again, inhibition of a lysoso-
mal cathepsin induced apoptatic cell death. as assessed by the
outer appearance of annexin V binding sites, which could largely
be blocked by cotreatment with a pan-caspase inhibitor,

DISCUSSION

Meuroblastoma is an extracranial wmor of the nervous system
that is frequent in childhood. Due (o the onset of metastatic
dissemination and resistance 10 chemotherapy, most children with
neuroblastoma have a low overall probability of survival 2 In
the present work we asked whether inhibition of selected Iysoso-
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Fizuke 2 — The caspase inhibitor zVADFmk prevenis apoptosis by
pepstatin A or CAO74Me in GILIN cultures. GILIN cells were incu-
bated with CAOT4Me (L0 wM for 24 hry or pepstaiin & (PST, 100 oM
for48 hr) in the absence or presence of the caspase inhibitor 2VADfmE
(10 pMj as indicated. Medium was changed and substances readded in
fresh mediom after the first 24 hr. Control cultures (Co) were incu-
bated in a similar manner but without addition of proteases inhibitors.
() Cultures were photographed under contrast phase microscopy. Cell
loss is apparent in culbtures treated with CB or CD inhibitors. The
picture also shows that in the presence of zVADImE, the monclayers
of GILIN treated with CAOT4Me or PST were well preserved and
resembled those of controls. The monelayer of cultures treated with
VADMmE alope resembled that of untreated controls (oot shown). (5)
Induction of annexin V positivity by cathepsin inhibitors is caspase-
dependent. GILIN cells were incubated as deseribed above. Al the end,
cells were labeled with annexin V by FITC and analyzed by flow
cytometry. Increased FITC staining is evident in CAOT4Me- and
P5T-treated cells. This shift in FITC fluorescence is not ohserved in
cells incubated with both the cathepsin inhibitor and zVAD. One of 3
separate experiments with similar results s shown.

mal proteases would affect cell survival and trigger apoptotic death
in human neuroblastoma cells. GILIN and LAN-5 cells, 2 MB cell
lines that differ in their {m vifro response (o chemotherapeutic
drugs and cytokines,#-1% were cultivated in the presence of ca-
thepsin inhibitors under conditions (concentration and time of
incobation) that effectively impair the proteclytic activity of CB
and CD.!8.2

Two main conclusions can be drawn from our study: (§) the
protealytic functicn of endosomal-lysosomal organelles is essen-
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Fioure 3—Evaluation of the protective effect of zVADImk in
GILIN cells treated with cathepsin inhibitors. GILIN cells were es-
santially cultivated and treated as for the experiment reported in Figure
2, except that cells were plated in multiwell 96 microplates. Cellular
viability was evaluated by the crystal viclet staining test, as described
in Material and Methods. Absorbance was determined in at least 10
multiwell par condition. Data represent the mean + SD of 3 indepen-
dent experiments and are expressed as percentage assuming the con-
trols as 100%. Differences between paired groups (+ zVAD) were
extremely significant (p << 0.0002 for PST; p < 0.0001 for CAOT4Me).
Al the concentration usad (10 pM), zVADfmE exhibited no cytotox-
icity.

O -zvAD B +zVAD

-

e
w
=
|

L

% TR
a & H
]
|

% TB

L
c

T S N —

= T

) P wi

g I E "

g » T g% H &

E 0 | E=» _ |

S i B

E | - [ ™ |
TCo CADMME PST Co  CADTAMe BST

Ficure 4 — The caspase inhibitor zVADfmk prevents NE cell death
induced by the cathepsin inhibitors GILIN and LAN-5. Caells were
cultivated in multiwell & plates and incubated with CAOT4Me (GILIN,
10 M for 24 hr: LAN-5, 5 pM for 12 hr) or pepstatin A& (PST, 100
pM for 48 hry in the absence or presence of the caspase inhibitor
VADImE (10 pM) as indicated. Cell death was calenlated as per-
centage of trypan blue-positive cells in cultures (g, LAN-5; b, GILIN).
Values represent the mean of 2 parallel determinations. Similar results
were obtained in 4 other independent experiments. As a measure of
early onset of apoptosis, positivity for annexin V binding sites was
determined by flow cytometry. (c) (LAN-5) and () (GILIN) report the
percentage of annexin VTS _positive cells. Data represent the mean =
SD of 3 parallel determinations. One of 4 independent experiments
with similar results is shown. Differences between paired groups (=
zVAD) were highly significant (p = 0,002 for GILIN treated with PST
and p < 0.006 for others).

tial for NB cell survival; and (if) inhibition of CB or CD triggers
the caspase-dependent apoptosis of NB cells. Swikingly, LAN-3
cells, compared with GILIN cells, are less sensitive to cytokine-

CASTIMNO ET AL

and retinoid-induced apoptosis!sA¢ were highly susceptible to lyv-
sosomal cathepsin inhibitors. It should be noted that in these cells
CAO74Me could induce cell death by necrosis or by apoptosis,
depending on concentration used and time of incubation. This is
indeed not surprising, since it is well known that the tvpe and
extent of cell damage vary with the intensity of the toxic treatment.
Accordingly, many other cytotoxic agents including cytokines and
antiblastic drugs have been shown to trigger either necrosis or
apoptosis depending on the experimental conditions.

The sterectypic morphologic and biochemical changes that are
the hallmarks of apoptosis have been described in a wide variety of
experimental models, thus suggesting the existence of a common
execution pathway. The group of cytosolic proteases termed
caspases is believed to serve this function.® Depending on the
apoptotic phase in which they act, members of the caspase family
are classified as imifiators (the prototypes being caspases 8 and 9)
or gffectors (the prototype being caspase 3). Based on the protec-
tive effect of ZVADfmE, it appears that lvsosomal protease inhib-
itors trigger the activation of initiator caspases. To our knowledge,
ours is the first report to document such an effect of lysosomal
protease inhibitors.

The present data are in contrast with the recent reports attribut-
ing to lysosomal cathepsing an active role in the induction of
apoptosis triggered by cytokines or antiblastic drogs.®22 Why
should inhibition of just one cathepsin be detrimental for NB cell
survival? It has been previously shown that deficiency of CD or
inhibition of either CD or CB does not compromise overall turn-
over of long-lived proteins.''-'2 Therefore, it appears unlikely that
in our model apoptosis resulted from a complete block of bulk
protein degradation. It should be mentioned, however, that cathe-
psins resident within endosomes also accomplish a limited, matu-
ration-like proteclysis that leads to the activation of the precursor
form of biologically active substances.** In this regard, experi-
ments with gene knockout have shown that CD is a key enzyme for
the development of vital tissues and organs. suggesting a role for
this protease in the generation of specific growth factors or the
inactivation of growth inhibitors that control cell turnover.'! In
fact, CD can affect either the activation of hormones and growth
factor precursors by limited proteolysis within endosomes of the
inactivation of mature growth factors by endocvtosis and subse-
quent extensive degradation within 1ysosomes.2* It is conceivable
that proteclysis within the endosomal-lysosomal system also plays
such a vital role in newronal cells.'

The fact that inhibition of just | of the 2 cathepsins is cytotoxic
to MB cells indicates that CB and CD» affect distinct proteolytic
events that are essential for cell viability. We hypothesize that in
cultured NE cells CB and CD are sequentially involved in the the
degradation of proapoptotic factors and that the inhibition of either
enzyme leads to accumulation of substrates that eventually impact
on the caspase cascade. The primary mechanism by which most
novel antitumor chemotherapeutic agents induce cell death is
induction of apoptosis.* The present observations imply that spe-
cific therapies designed to enhance drug-induced apoptosis that
include cathepsin inhibitors could form the basis for treatment of
neuroblastomas.
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2. BASI MOLECOLARI DELLA REGOLAZIONE
RECIPROCA TRA AUTOFAGIA E MORTE CELLULARE
NELLE MALATTIE NEURODEGENERATIVE: UNO
STUDIO SPERIMENTALE SUL DIABETE INSIPIDO
NEUROIPOFISARIO (FNDI)

Il sistema ipotalamo-neuroipofisario (HNS) é quelloentrale per |l
mantenimento del bilancio idrico nei mammiferi, n@ipalmente attraverso la
produzione dell’ormone vasopressina (VP). La VRndeizzata come proormone nei
neuroni magnocellulari del’HNS. Da qui, viene fragata lungo gli assoni, e durante
guesto trasporto viene processata a peptide baalognte attivo, successivamente
viene immagazzinata nei terminali nervosi dell’igdfposteriore prima di essere
rilasciata nel circolo sanguigno quando é fisiatagnente richiesta.

La vasopressina € ampiamente conosciuta come lfnamtidiuretico, la VP
magnocellulare e coinvolta nel mantenimento delkostasi idrica e salina
promuovendo il riassorbimento di acqua nei reni.vhaopressina agisce sui recettori
V2 (Lolait et al, 1992) che sono presenti nella lamina basale dellele dei tubuli
prossimali e dei dotti dei reni (Chaseal 1968). | recettori V2 sono accoppiati alle
subunita a della proteina G stimolatoria, Gs (Orloff and Hked 1967). La
stimolazione del recettore V2 determina [I'attivargo dell'adenilato ciclasi e la
produzione dellAMP ciclico. L’aumento intracellu&a di cAMP attiva la protein
chinasi A, che, a sua volta determina il traspdegocanali acquosi dell’acquaporina 2
dalle vescicole intracellulari sul lato apicaleldgllasmamembrana (Deen et 2994,
Harris et al 1991). | canali acquosi di acquaporina 2 aumentamormemente la
permeabilita osmotica della membrana permettendasisorbimento dell'acqua.

Il gene della vasopressina contiene tre esonin(@thet al 1983; Ivell and
Richter, 1984; Ruppest al, 1984; Sausvilleet al, 1985; Haraet al, 1990). L'esone |
codifica un peptide segnale, I'ormone, un sitoagliop di tre aminoacidi basici (-Gly-
Lys-Arg-) e e primi nove aminoacidi dell’N-termimalelle neurofisina (NPI in OT,
NPII in VP). L’esone Il codifica I'altamente congata porzione centrale della NP
(aminoacidi 10-76). L’esone Il del gene della V@diica i restanti aminoacidi del C-
terminale, un sito di taglio basico (-Arg-) e iligpeptide al C-terminale (GP). GP
contiene la sequenza consenso (Asn-X-Ser/Thr)astaiper la glicosilazione.
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Un aumento nella osmolarita nel plasma determimgagcio di VP dall'ipofisi
posteriore, e ci0 porta ad una aumentata sintegsw(steinet al, 1980). E’ ben noto
che stimoli osmotici quali la deidratazione e 'app di sale aumentano la trascrizione
del gene della VP (Murphy and Carter, 1990). Ciaiseaun aumento nei livelli
del’'mRNA della VP (Burbach et al, 1984; Hermanmagt1991; Lightman and Young,
1987; Murphy et al, 1989; Sherman et al, 1986; &hgl, 1986). Lo stimolo osmotico
acuto causato da una iniezione intraperitonealeind soluzione salina ipertonica
provoca un aumento della trascrizione del geneaddh di circa 6 volte (Murphy and
Carter, 1990). Al contrario, uno stimolo iposmotipao inibire la secrezione e la
biosintesi di VP (Robinson et al, 1990).

Il diabete insipido neuroipofisario (FNDI) &€ unalatda autosomica dominante
che si presenta nei bambini con eccessiva setairesdicome conseguenza di una
progressive perdita di secrezione dellormone vessgina dai terminali nervosi post
pituitari (Baylis and Robertson, 1981; Robertso895). Studi hanno dimostrato che
mutazioni nel gene della Vp possono essere la cdeb&NDI. Nel laboratorio di

David Murphy, a Bristol, & stato prodotto un modedinimale di ratti transgenici che
presentano una forma mutante di VP corrisponddhiEN®I| (Nagasaki et al., 1995) e
che codifica una proteina troncata (Cys67stop)ltr@onel corso del mio soggiorno di
studio presso il laboratorio del Prof. David Murpleystato messo a punto un modello

“in vitro” di FNDI mediante I'utilizzo di vettori ricombindanadenovirali in cellule di
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neuroblastoma murino (N2A). Queste cellule ripradhacdal punto di vista fenotipico
le alterazioni a livello cellulare che si osservar® neuroni dei cervelli transgenici
FNDI.

Negli articoli allegati sono descritti gli studimadotti sui modelli “in vivo” e in

“in vitro” volti a chiarire la basi molecolari dellregolazione reciproca tra autofagia e
morte cellulare nelle malattie neurodegenerative.
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REGULATION BETWEEN AUTOPHAGY AND NEURONAL CELL
DEATH IN NEURODEGENERATIVE DISEASE: A SPERIMENTAL
APPROACH IN NEUROHYPOPHYSEAL DIABETES INSIPIDUS
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Familial neurohypophyseal diabetes insipidus (FNBBn autosomal dominant,
progressive, inherited neurodegenerative disordansed by mutations in the gene
encoding the antidiuretic hormone vasopressin (3t presents as polydipsia and
polyuria as a consequence of a loss of secretidheoéntidiuretic hormone vasopressin
(VP) from posterior pituitary nerve terminals. FNDike other protein aggregation
neurodegenerative diseases, such as Alzheimen&n&an's and Huntington’s, is
associated with autophagy - rats expressing an RNDiransgene (Cys67stop) show a
neuronal pathology characterised by autophagicdikéctures in the cell body - but the
role of autophagy in these diseases is unclear. hatee studied the relationships
between mutant protein accumulation, autophagy,scevival, and cell death using a
novel and tractablen vitro system. We have constructed adenoviral vectors)(#tht
express structural genes encoding either the Cig®fsutant protein or an epitope-
tagged wild-type VP precursor. Following infectioh neuroblastoma cells, wild-type
material enters neurite processes and accumulatesrminals, whilst the Cys67stop
protein is confined to enlarged vesicles in thd bedy. As in Cys67stop rats, these
structures are of ER origin, and co-localise witarkers of autophagy. Neither wild-
type VP nor Cys67stop expression affected cell ikigb However, inhibition of
autophagy or lysosomal protein degradation sigaifily increased apoptotic cell death
following Cys67stop expression. The activation otophagy by an FNDI mutant
protein is thus a pro-survival mechanism.

In the following papers we report our studies innmedel of Familial
Neurohypophyseal Diabetes Insipidus (FNDI). To addrthe relationships between
mutant protein accumulation, autophagy, cell swivand cell death, we have
developed a novel and tractalevitro model of adFNDI by infecting neuroblastoma
Neuro2A cells with recombinant adenoviral vectofglg) expressing the truncated
Cys67stop mutant form of VP (Ad-VCAT-Cys67stop)anr epitope-tagged wild-type
VP precursor (Ad-VCAT).
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Autophagy is a prosurvival mechanism in cells expressing an
autosomal dominant familial neurohypophyseal diabetes
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ABSTRACT

Autosomal dominant familial neurohypophyseal diabetes insipidus (adFNDI) is a progressive,
inherited neurodegenerative disorder that presents as polydipsia and polyuria as a consequence of
a loss of secretion of the antidiuretic hormone vasopressin (VP) from posterior pituitary nerve
terminals. VP gene mutations cause adFNDI. Rats expressing an adFNDI VP transgene
(Cys67stop) show a neuronal pathology characterized by autophagic structures in the cell body.
adFNDI has thus been added to the list of protein aggregation diseases, along with Alzheimer’s,
Parkinson’s and Huntington’s, which are associated with autophagy. a bulk process that delivers
regions of cytosol to lysosomes for degradation. However, the role of autophagy in these
diseases is unclear. To address the relationships between mutant protein accumulation,
autophagy. cell survival, and cell death, we have developed a novel and tractable in vitro system.
We have constructed adenoviral vectors (Ads) that express structural genes encoding either the
Cys67stop mutant protein (Ad-VCAT-Cys67stop) or an epitope-tagged wild-type VP precursor
(Ad-VCAT). After infection of mouse neuroblastoma Neuro2a cells, Ad-VCAT encoded
material enters neurite processes and accumulates in terminals, while the Cys67stop protein is
confined to enlarged vesicles in the cell body. Similar to the intracellular derangements seen in
the Cys67stop rats, these structures are of ER origin, and colocalize with markers of autophagy.
Neither Ad-VCAT-Cys67stop nor Ad-VCAT expression affected cell wviability. However,
inhibition of autophagy or lysosomal protein degradation, while having no effect on Ad-VCAT-
expressing cells, significantly increased apoptotic cell death following Ad-VCAT-Cys67stop
expression. These data suggest that activation of autophagy by the stress of the expression of an
adFNDI mutant protein is a prosurvival mechanism.
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crucial mediator of osmotic stability in mammalian organisms is the antidiuretic

hormone vasopressin (VP) (1). VP is synthesized as a prepropeptide in the cell bodies of

hypothalamic neurons (2). After signal peptide removal and disulphide bond formation
in the endoplasmic reticulum (ER), the propeptide is sorted (3) into the regulated secretory
pathway in the trans-Golgi network (TGN) (3, 4). Dense core granules are transported to storage
in nerve terminals in the posterior pituitary (4) from where peptide is mobilized for secretion into
the circulation by electrical activities evoked by osmotic cues. At the level of the kidney., VP
increases the permeability of the collecting ducts, reducing water excretion.

Autosomal dominant familial neurohypophyseal diabetes insipidus (adFNDI) is caused by
mutations in the VP gene and presents as excessive drinking and urinafion as a consequence of a
progressive loss of secretion of VP from posterior pituitary nerve terminals (5). We have recently
shown that expression of an adFNDI mutfant transgene encoding a fruncated precursor
(Cys67stop) in rat VP neurons induces autophagy (6, 7), a bulk process, found in all eukaryotes
from yeast to humans, that delivers regions of cytosol to lysosomes for degradation (8, 9). Thus,
adFNDI, like other neurodegenerative diseases, such as Parkinson’s (10), Alzheimer’s (11) and
Huntington’s (12), is associated with autophagy. although its role in these disorders is unclear.

To study the role of autophagy in protein aggregation disease, we have now used adenoviral
vectors (Ads) to deliver the Cys67stop mutant protein or an epitope-tagged wild-type VP
precursor into neuroblastoma cells. While wild-type material entered neurite processes and
accumulated in terminals, the Cys67stop protein was confined to autophagic vesicles of ER
origin in the cell body. Neither Cys67stop nor wild-type VP expression affected cell viability.
However, inhibition of any crucial step of autophagy induced apoptotic cell death in Cys67stop-
expressing cells. We conclude that the activation of autophagy by the cellular stress of the
expression of an adFNDI mutant protein gene is thus a prosurvival mechanism.

MATERIALS AND METHODS
Transgenic rats

Animals were cared for in accord with UK. law. 3-VCAT-3 and 3-VCAT-3-Cys67stop
transgenic rats have been described (6). Rats (1=4) were killed between 12 and 18 months of age.
Animals were perfused transcardially with 60 ml of PBS followed by 60 ml of 4% (wt/vol)
paraformaldehyde. Dissected brains were left overnight in 4% (wt/vol) paraformaldehyde then
cryopreserved in 30% (wt/vol) sucrose and frozen prior to sectioning.

Adenoviral vectors

Ads were made using the Cre-Jox recombination method (13). Fragments encompassing the rat
VP structural gene were excised from the 3-VCAT-3 and 3-VCAT-3-Cys67stop constructs (6)
by complete digestion with HindIII (3" end) and partial digestion with Pstl (5 end). Insertion
into HindIII and PstI digested pSP72 generated pSP72-VCAT and pSP72-VCAT-Cys67stop.
Complete digestion of these constructs with Xhol and partial digestion with Pstl excised the
transgene fragments, which were recloned into the Pstl and Sall sites of the recombination
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vector pAdloxTRE to generate pAdloxTRE-VCAT and pAdloxTRE-VCAT-Cys67stop.
pAdloxTRE is a derivative of pAdlox containing a tetracycline response element (TRE)
upstream of the minimal CMV promoter. pAdloxTRE-VCAT and pAdloxTRE-VCAT-
Cys67stop were then cotransfected with W5 DNA into Cre§ helper cells to generate recombinant
virus. Ad-CMV-TetOff encodes the TetOff transactivator under the constitutive control of the
CMV promoter-enhancer (14). TetOff interacts with the TRE to drive the expression of
transgenes in the absence of tetracycline. Neuro2a cells were infected with Ad-CMV-TetOff and
either Ad-VCAT or Ad-VCAT-Cys67stop (ratio of 1:1) at a multiplicity of infection of 50.

Cell culture and treatments

Mouse neuroblastoma Neuro 2a cells were grown in a humidified 5% (vol/vol) CO, atmosphere
in DMEM medium supplemented with 10% (vol/vol) FCS and penicillin/streptomycin (1%
wt/vol). Cells were seeded at 5 x 10* cells/em? in six-well multiplates and allowed to adhere for
24 h before any treatment. For morphological studies, cells were seeded at a density of 15,000
cells/ecm™ on noncoated sterile cover slips. To dissect the autophagic pathway. we employed
drugs to interfere with the three fundamental steps—autophagosome formation, fusion of the
autophagic vacuoles with lysosomes, and infra-autophagolysosomal proteolysis. Inhibitors
(Sigma-Aldrich, Gillingham, Dorset, UK) were added at the same time as viral infection and
were used at the lowest, most effective nontoxic concentrations. 3-methyladenine (3MA: 100
uM in DMSO) inhibits the formation of autophagososmes (15). Asparagine (Asn; 20 mM in
DMEM) prevents the delivery of autophagocytosed material to lysosomes (16). Pepstatin A (Pst;
100 uM in DMSO) inhibits the lysosomal protease cathepsin D (17). The final concentration of
DMSO in the medium (<0.1% vol/vol) is nontoxic.

Immunofluorescence

Cells grown on cover slips and brain sections were fixed with paraformaldehyde (4% wt/vol),
blocked with 1% (wt/vol) BSA, permeabilized with 0.5% (vol/vol) Triton X-100 for 20 min, then
incubated with primary antibody at an appropriate dilution. After washing., samples were
incubated with FITC- or TRITC-conjugated secondary antibodies at room temperature in the
dark. FITC- and TRITC-labeled cells were viewed using standard fluorescein and rhodamine
filters (excitation 488 nm and 568, respectively) under an upright confocal microscope (TCS-NT,
Leica Microsystems, Milton Keynes, UK). Primary rabbit polyclonal antisera recognizing the
Cys67stop mutant protein (aCX67; 6. 7) and the DR-12-EK C-terminal epitope (¢DR-12-EK;
18) have been described. The antiserum recognizing Beclin 1 was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). BD Biosciences (Oxford, UK) supplied antisera
recognizing calnexin, TGN38, cathepsin D, Rab24 and cytochrome c. Antisera directed against
protein disulphide isomerase (PDI) were the kind gift of Dr. S. Fuller (European Molecular
Biology Laboratory. Heidelberg, Germany), while anti-Vps34 was generously donated by Dr.
H.W. Davidson, CIMR, University of Cambridge, UK).

Western blot analysis
Cells were lysed in water containing 1% (wt/vol) Na deoxycholate. 30 pg of cell homogenate

was fractionated by in a 12.5% (wt/vol) polyacrylamide gel. and then electroblotted onto PDVF
membrane (Millipore Corporation, Bedford, MA. TUSA). Beclin 1 was detected by
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chemiluminescence reaction using a specific polyclonal antiserum (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) followed by horseradish peroxidase-conjugated secondary antibody (Bio-
Rad Laboratories Ltd., Hemel Hemstead, UK). The membrane was then stripped for 30 min at
55°C in 100 mM PB-mercaptoethanol, 2% (wt/vol) SDS. 62.5 mM Tris-HCl pH 6.8, then
reincubated with a specific anti-B-tubulin monoclonal antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) to control for sample, integrity, loading, and transfer. Image analysis and
signal quantification was performed using NIH Image J (RSB, NIMH, Bethesda, MD, USA).

Labeling of low-pH organelles with acridine orange

The lysosomal compartment of living cells was identified with acridine orange (AO), a
fluorochrome that accumulates in acid organelles and, once protonated, emits red light under UV
excitation. Adherent cells on cover slips were incubated for 5 min with AO (1 mg/ml), washed 3
times with PBS, and then immediately examined by fluorescence microscopy.

Labeling of autophagic vacuoles with monodansylcadaverine

Monodansylcadaverine (MDC) is a spontaneously fluorescent dye that is incorporated selectively
into autophagosomes and autolysosomes (19). Cells were incubated with 0.05 mM MDC in PBS
at 37°C for 1 h. After incubation. cells were washed twice with PBS and immediately analyzed
by tluorescence microscopy (excitation: 380-420, barrier filter 450 nm).

Cell viability and death

Dead cells were identified using the trypan blue staining test. Adherent cells were detached.
resuspended in DMEM, and then mixed with an equal volume of 0.04% (wt/vol) trypan blue.
The percentage of cells stained was determined by haemocytometer counting. Apoptosis was
ascertained morphologically and cytofluorometrically. Nuclear condensation and fragmentation
were detected using 4,6-diamidino 2-phenylindole (DAPI:; Sigma-Aldrich, Gillingham, Dorset,
UK). Cells adherent on glass cover slips were washed with PBS, fixed with paraformaldehyde
(4% wt/vol), and then stained with DAPI (10 ng/ml) in PBS for 30 min at 37°C, before
visualization using fluorescence microscopy with UV excitation (350 nm: 20). The appearance
of a hypo-diploid cell population (subGl) was monitored by flow cytometry on the whole cell
population (i.e.. monolayer plus cells recovered from the medium), fixed for 30 min with 70%
(vol/vol) ethanol, and stained with propidium iodide (PI: 0.2 mg/ml) in the presence of DNase-
free RNase (to avoid RNA labeling). Apoptosis was further objectively assessed using a method
based on the expression of cell surface Annexin V binding sites (20, 21). Annexin V binds
specifically to phosphatidylserine, which is externalized on the plasma membrane during the
early stages of apoptosis. The whole cell population (i.e., adherent and detached cells) were
labeled with FITC-conjugated Annexin V without prior fixation (22). Fluorescent cells were
detected with a FacsScalibur fluorescence-activated cell-sorter (BD Biosciences, Oxford, UK).
At least 10,000 events were analyzed for each sample. Cytochrome c release (23) was examined
by immunofluoresence (see above).

Caspase activity was measured using the Caspase Detection Kit (Merck Biosciences Ltd,

Nottingham, UK) using FITC-ZVAD-FMK as a substrate. Stained cells were analyzed by flow
cytometry using FL1 channel and by fluorescence microscopy.

Page 4 of 21
(page number not for citation purposes)

79



Statistical Analysis

All experiments were independently replicated at least 3 times. Data are presented as means +
sD. Statistical significance of differences between groups of data was determined by using the
two-way ANOVA (ANOVA using SPSS software). A P value less 0.05 was taken as denoting
significance (represented by an asterisk in the figures).

RESULTS
Cys67stop mutant protein accumulates in cathepsin-D positive compartments

Transgene VCAT encodes the wild-type VP precursor c-terminally tagged with a unique
hexadecapeptide (DR-12-EK) (18). In the VCAT-Cys67stop transgene, a C to A fransition in
Exon II replaces a Cys (TGC) at position 67 of the neurophysin portion of the VP precursor with
a franslation termination codon (TGA) (6). These transgenes were incorporated into replication-
deficient adenoviral vectors (Fig. 14) that mediate a high rate of infection (>=90%) of target
mouse neuroblastoma Neuro2a cells with consequent robust transgene expression. We first used
phase contrast microscopy to examine the morphology of Ad-VCAT- and Ad-VCAT-Cys67stop-
infected NeuroZa cells (Fig. 1B). Cells infected with Ad-VCAT were indistinguishable from
noninfected cells, both showing characteristic neuritic processes (Fig. 1B). In contrast, a large
number of Ad-VCAT-Cys67stop infected cells had a “rounded™ appearance, characterized by
neurite withdrawal, along with pronounced cellular inclusions (Fig. 1B). Similar pronounced
vesicles were revealed in Ad-VCAT-Cys67stop infected cells stained with Acridine Orange
(AO), a dye that identifies acid vacuolar compartments (Fig. 1C). In noninfected and Ad-VCAT-
infected cells, the dye reveals a diffuse punctate staining throughout the cytoplasm, as expected
for lysosmes. In contrast, Ad-VCAT-Cys67stop infection caused the accumulation and
redistribution, in the perinuclear region, of enlarged acidic compartments. We then used specific
antisera that recognize the Cys67stop mutant protein (6. 7) and the VCAT DR-12-EK C-terminal
epitope (18) to ask about the fate of transgene proteins in Ad-infected Neuro2a cells, and this
was compared with rats expressing the same fransgenes in VP-expressing MCNs. In 3-VCAT-3
rats (18). transgene proteins follow a parallel path with the endogenous wild-type VP through the
regulated secretory pathway. Similarly, in Neuro2a cells, Ad-VCAT expression elicits DR-12-
EK staining in the cell body, with material entering neurite processes and accumulating in
terminals (Fig. 1.D). In contrast, and similar to 3-VCAT-3-Cys67stop transgenic rats (12, 13). the
truncated protein encoded by Ad-VCAT-Cys67stop is confined to the cell body, often within
enlarged vacuolar compartments (Fig. 1D).

We then assessed the subcellular localization of the Ad-VCAT- and Ad-VCAT-Cys67stop-
encoded proteins using dual-labeling immunocytochemistry (Fig. 2). Wild-type VP precursor is
targeted to the regulatory secretory pathway, and although it passes through the ER and TGN,
there is little accumulation therein. Similar, DR-12-EK immunoreactivity is not found in quantity
in the ER nor the trans-Golgi network (TGN, Fig. 2). In contrast. and as in the 3-VCAT-3-
Cys67stop transgenic rats (6, 7). Cys67stop protein appears to accumulate in ER-derived
elements, as revealed by substantial colocalization with calnexin (Fig. 2) and protein disulphide
isomerase (PDI; Fig. 2). Some Cys67stop protein also appears to be contained in the TGN (Fig.
2). Importantly, there is marked colocalization of the Cys67stop protein with the lysosomal
marker cathepsin D (Fig. 2). These data suggest that, in Neuro2a cells, as in the MCNs of
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transgenic rats, the mutant Cys67stop protein accumulates in the ER, and in acidic degradative
compartments, perhaps associated or derived from the TGN.

Cys67stop expression triggers autophagy

Monodansylecadaverine (MDC), a spontaneously fluorescent dye, selectively labels
autophagosomes and autolysosomes, and is therefore considered a waluable tool to
morphologically monitor the autophagic process (19). In noninfected and Ad-VCAT-infected
Neuro2a cells. MDC staining revealed a diffuse punctate pattern (Fig. 2). which probably is
indicative of basal, constitutive autophagy. In contrast, Ad-VCAT-Cys67stop infection results in
the accumulation of large MDC-stained vesicles (Fig. 34). suggesting up-regulation of
autophagy. This was supported by the examination of expression of Beclin-1, the mammalian
analog of yeast autophagy gene Atg6. a regulator of the autophagic pathway that associates with
apoptosis inhibitor bel-2 (24, 25). Western blot analysis revealed significant up-regulation of
Beclin 1 in Ad-VCAT-Cys67stop-infected cells (Fig. 3B and 3C), consistent with an up-
regulation of autophagic processes.

We then characterized the intracellular distribution of key regulators of autophagy (26).
comparing 3-VCAT-3 and 3-VCAT-3-Cys67stop transgenic rats with Neuro2a cells infected
with Ad-VCAT or Ad-VCAT-CysG7stop. We examined Beclin 1, the class III
phosphatidylinositol 3-kinase (PI3K) Vps34, and Rab24. Beclin-1 interacts with Vps34, and.
together, these molecules control autophagy as a complex at the TGN (27, 28). The GTPase
Rab24 is thought to be involved in the regulation of vesicular transport associated with
autophagy (29). In 3-VCAT-3 transgenic rats (Fig. 44) and in Ad-VCAT-infected cells (Fig. 4B).
Beclin 1, Vps34 and Rab24 show a typical perinuclear reticular localization. There is no
colocalization with DR-12-EK-like immunoreactivity. In contrast, expression of the Cys67stop
protein, either in 3-VCAT-3-Cys67stop transgenic rats (Fig. 44) or following infection of
Neuro2a cells with the Ad-VCAT-Cys67stop viral vector (Fig. 4B). dramatically alters the
distribution of these markers, which now strongly localize with either the Cys67stop protein or
the ER marker PDI in large vesicles.

Inhibition of the autophagic-lysosomal pathway in Cys67stop-expressing cells induces
apoptosis

We then asked whether expression of the Cys67stop mutant protein and activation of autophagy
in Neuro2a cells affected cell viability. On its own, Ad-VCAT-Cys67 had no effect on the
viability of NeuroZa cells as assessed by visual microscopic examination (not shown), cell
growth assessed by counting (Fig. 54) or the incorporation of trypan blue (Fig. 5B) over a time
course of 2 (Fig. 5) or § days (not shown). However, treatment of cells infected for 2 days with
the autophagy inhibitors 3MA or Asn, or the cathepsin D inhibitor Pst, dramatically induced cell
death in Ad-VCAT-Cys67stop-, but not Ad-VCAT-, infected cultures. as assessed visually (Fig.
64), by cell counting (Fig. 68) and by trypan blue staining (Fig. 6C). suggesting that the
degradation of mutant protein in lysosomes following autophagic delivery is a prosurvival
mechanism.

To ascertain whether the cell death induced by the inhibition of autophagic-lysosomal protein
degradation in Ad-VCAT-Cys67stop infected Neuro2a cells was classically apoptotic in nature.
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we used flow cytometry to quantify cell populations labeled with either FITC-annexin V, to
identify early apoptotic cells (20, 21). or PL to identify the subG1 hypodiploid population (20).
Inhibition of the autophagic-lysosomal pathway with 3MA., Asn, or Pst had no effect on
Annexin-V binding in Neuro2a cells infected with Ad-VCAT (Fig. 7A). However, blockade of
the autophagy-lysosomal pathway in Cys67stop expressing cells doubled the association of
FITC-Annexin V with the surface phosphatidylserine (Fig. 74), indicative of early apoptosis.
Similarly, treatment of Ad-VCAT-Cys67stop-infected Neuro2a cells with Asn or Pst
significantly increased the subG1 population, while having no effect on Ad-VCAT-infected cells
(Fig. 7B). The presence of characteristic chromatin alterations was also evidenced by DAPI
staining (20), which revealed nuclear condensation and fragmentation in Asn- and Pst-treated
Ad-VCAT-Cys67stop infected, but not Ad-VCAT-infected cells (Fig. 7C).

To demonstrate that the cell death prompted by the blockade of autophagy and lysosome
degradative pathways is indeed classical apoptosis, we assessed cytochrome c release from
mitochondria (Fig. 7D) and caspase activation (Fig. 7E). Asn and Pst treatment resulted in a
reduction in mitochondrial integrity, as assessed by cytochrome c¢ immunocytochemistry (23:
Fig. 7D) in Ad-VCAT-Cys67stop-infected. but not Ad-VCAT-infected cells. Further. 3MA,
Asn- and Pst-treatments all activated caspases (23) in Ad-VCAT-Cys67stop-infected Neuro2a
cells, but not in Ad-VCAT-infected cells (Fig. 7E).

DISCUSSION

We have demonstrated that the expression of an adFNDI mutant VP transgene induces
autophagy in transgenic rat neurons (6, 7). However, the role of autophagy remains unclear (30).
While it is not difficult to imagine that autophagy. a process involving massive intracellular
degradation, might promote neuronal death (31), this is confradicted by the similarly axiomatic
concept that mammalian autophagy, as in yeast (32), is a prosurvival mechanism. To address the
relationships between mutant protein accumulation, autophagy. cell survival, and cell death, we
have efficiently delivered an adFNDI mutant protein (Cys67stop). or an epitope-tagged wild-type
VP precursor, into mouse neuroblastoma Neuro2a cells using Ad vectors. While the wild-type
material enters neurite processes and accumulates in terminals, the Cys67stop protein is confined
to enlarged vesicles in the cell body, that appear to be of ER origin, and that are subsequently
targeted for auophagic degradation. The partial colocalization of the Cys67stop protein with the
TGN marker TGN38 (Fig. 2) is of interest given the role of this structure in the origin of
autophagososmes. Indeed, it is known that aufophagy can be ftriggered by a Beclin 1-
phosphatidylinositol 3-kinase complex that functions at the trans-Golgi network (28)

CysG7stop expression had no effect on cell viability. but inhibition of autophagy or lysosomal
protein degradation significantly increased apoptotic cell death. 3MA, Asn, and Pst, which atfect
the autophagic process at different steps (autophagosome formation, autolysosome formation and
protein degradation, respectively), all exerted the same effect on the viability of Ad-VCAT-
Cys67stop expressing cells. This indicates that once the mutant protein in the ER has triggered a
signal to initiate autophagy, the process cannot be arrested. Our data with Pst also indicates that
cathepsin D is a main protease involved in autophagic degradation of the mutant VP. Thus we
suggest that the activation of autophagy by the cellular stress of the expression of an adFNDI
mutant protein gene is a prosurvival mechanism. By analogy, we can hypothesize that the
activation of autophagy seen in Parkinson’s, Huntington’s, and Alzheimer’s neurons (10-12)
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may also have a prosurvival role, at least in the early stages of these diseases (33). Indeed, recent
evidence suggests that, as in our adFNDI model, the induction of autophagy in Huntington’s
disease decreases the accumulation (34) and toxicity (35) of polyglutamine aggregates.

We have previously speculated as to the role of autophagy in the etiology of adFNDI (6. 7). We
have suggested that the accumulation of mutant Cys67stop protein in the ER causes insoluble
aggregates to form. This results in the development of a pathology characterized by a grossly
deranged ER that accumulates both mutant and trapped wild-type protein. Autophagy, acting as a
cell survival mechanism, removes the deranged structures. Wild-type prohormone will be
eliminated when the deranged organelle is destroyed, resulting in progressive VP deficiency.
However, this hypothesis fails to explain the paucity of VP neurons seen in the hypothalami of
some adFNDI patients (36-39). Similarly. a recent report (40) has described Cys67stop “knock-
in” mice exhibiting a progressive loss of VP-expression, although no direct evidence of neuronal
death was presented. We suggest that neuronal atrophy. although not necessarily the primary
cause of adFNDI, might be a long-term consequence. The progressive reduction of VP secretion
caused by autophagy would lead to a chronic increase in plasma osmolality. Consequent chronic
over-stimulation of VP neurons might trigger a pathologic sequence of neurotoxic events that
ultimately lead to apoptosis, as has been observed in a rat diabetes mellitus model (41). Whether
autophagy has a role in long-term death, as has been hypothesized (33), remains to be
determined. In this context, we note that the expression in transgenic mice of exon I of the
human Huntington’s disease gene carrying a CAG repeat expansion had no effect on the death of
cultured striatal neurons (42). However, transgenic neurons exposed to neurotoxic concentrations
of dopamine exhibited elevated cell death compared with wild-type neurons. The mutant neurons
exposed to dopamine also exhibited lysosome-associated responses, including induction of
autophagic vacuoles. We thus hypothesize that frail neurons, already undergoing autophagy in
order to clear mutant proteins, might be more prone to the toxic effects of a second stress, and we
are presently using our Ad-mediated gene transfer system to investigate the possibility that
autophagy plays such a role in long-term neurodegeneration.

An interesting and thus far unexplored avenue of research will relate to the cell “rounding™ and
neurite withdrawal phenomenon that we have observed following Cys67stop expression in vitro.
It is interesting to note that a common feature of human FNDI is the disappearance of the
characteristic posterior pituitary magnetic resonance imaging bright spot (e.g., 43). Although this
has often been taken to indicate cell death (43), it has actually been shown to relate to a lack of
accumulated VP gene products in axon terminals (44). Could it be that this is a consequence of
VP neuron axon withdrawal or degenerafion in the absence of cell body death (see, 45)? The
implications of this possibility from the point of view of the etiology of FNDI, and perhaps other
neurodegenerative diseases, are indeed profound.
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Figure 1. An in vitro model of FNDI. A) Schematic diagram of the Ad-VCAT and Ad-VCAT-Cys67stop viral vectors
described in this study and the proteins that they encode. VCAT encompasses the three exons (L IL and III) of the rat VP
structural gene containing a chloramphenicol acetyl transferase (CAT) reporter in exon Il VCAT encodes a modified VP
precursor consisting of the signal peptide (SP) from the N terminus; the VP hormone, neurophysin (NP II), a truncated
glycoprotein (AGP); and a unique hexadecapeptide (DRSAGYYGLFKDRKEK. abbreviated to DR-12-EK) at the C
terminus (18). DR-12-EK is recognized by specific antisera (d{DR-12-EK: 18). In the VCAT-Cys67stop transgene, a C to
A transition in Exon II replaces a Cys (TGC) at position 67 of NP-II with a translation termination codon (TGA). The
transgene encodes a mutant truncated prepropeptide lacking the C terminus of the neurophysin II (ANP II), and all of the
C-terminal glycopeptide. This is specifically recognized by antisera «CX67 (6, 7). ITR, mverted terminal repeats; TRE,
tetracycline responsive element: A, transcription termination and polyadenylation signal. B) While infection of Neuro2a
cells with Ad-VCAT has no effect on morphology., Ad-VCAT-Cys67stop causes cell rounding and neurite withdrawal
associated with pronounced intracellular inclusions, as viewed under phase contrast microscopy. The graph to the right
shows the quantification of the cell-rounding effect. Cells were counted under phase contrast microscopy, and the
percentage of cells with a “round” phenotype is reported as a percentage of the total. C) Cells plated on cover slips were
incubated with AQ, a fluorochrome that accumulates within acid organelles and that, once protonated, emits red light
under UV excitation. In noninfected and Ad-VCAT-infected cells, the dye reveals a diffuse punctate stain throughout the
cytoplasm. In contrast, Ad-VCAT-Cys67stop infection caused the accumulation and the redistribution in the perinuclear
region of the acid compartments, which appear enlarged. D) Cells grown on cover slips were incubated with primary
antibody at the appropriate dilution and then with a specific FITC- and TRITC-labeled secondary antibody. Ad-VCAT
expression elicits DR-12-EK staining in the cell body, with material entering neurite processes and accumulating in
terminals. In contrast the truncated protein encoded by Ad-VCAT-Cys67stop is confined to the cell body, often within
enlarged vacuolar compartments.
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Fig. 3
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Figure 3. Expression of mutant Cys67stop VP protein triggers autophagy. 4) Neuro2a cells infected with Ads for 24 h
were mcubated with MDC then analyzed by fluorescence microscopy. In noninfected and Ad-VCAT-mfected NeuroZa
cells. MDC reveals diffuse punctate pattern. In contrast, Ad-VCAT-Cys67stop infection results in the accumulation of
large MDC-stained autophagosomes. Infection for 6 or 48 h revealed the same pattern (not shown). B) Extracts of
uninfected (sham) Neuro2a cells, or NeuroZ2a cells infected with either Ad-VCAT or Ad-VCAT-Cys67stop for 24 h, were
fractionated by PAGE, then electroblotted onto PDVF membrane. Beclin 1 was detected by chemiluminescence reaction
using a specific polyclonal antiserum followed by horseradish peroxidase-conjugated secondary antibody. The membrane
was then stripped and reincubated with a specific monoclonal antibody against f-tubulin as a normalization control. C)

Quantification of 3 separate experiments revealed significant up-regulation of Beclin 1 expression following Ad-VCAT-
Cys67stop mnfection.
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Fig. 4
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Figure 4. Colocalization of transgene proteins with autophagy markers in (4) hypothalamic (supraoptic nucleus)
neurons of 3-VCAT-3 and 3-VCAT-3-Cys67stop transgenic rats or (B) Neuro2a cells mfected with Ad-VCAT or
Ad-VCAT-Cys67stop for 48 h. In 3-VCAT-3 transgenic rats or Ad-VCAT-infected Neuro2a cells, there is little
colocalization of Beclin-1 (red) with PDI (green), or of Rab24 or Vps34 (red) with DR-12-EK-like immunoreactivity
(green). In contrast, in 3-VCAT-3-Cys67stop transgenic rats, or following infection of Neuro2a cells with Ad-VCAT-
Cysb7stop, the distribution of these markers becomes vesicular, with marked colocalization with either Cys67stop or PDL
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Fig. 5
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Figure 5. Neither Ad-VCAT nor Ad-VCAT-Cysé67 infection affect the viability of Neuro2a cells. NeuroZ2a cells
were infected with either Ad-VCAT or Ad-VCAT-Cys67stop, or were sham-infected. At the times indicated,

cell growth was assessed by counting using a haemocytometer (A) or the incorporation of trypan blue (B) to quantify
dead cells.
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Fig. 6
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Figure 6. Inhibition of the autophagic-lysosomal pathway in Ad-VCAT-Cys67stop-infected cells induces cell death.
Simultaneous treatment of cells infected with Ads for 36 h with the autophagy mhibitors Asn and 3MA or with the
inhibitor of lysosomal cathepsin D, Pst, dramatically mduced cell death in Ad-VCAT-Cys67stop. but not Ad-VCAT,
infected cultures, as assessed by phase contrast microscopy (4) cell counting (B) and trypan blue staining (C).
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Fig. 7
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Fig. 7 (cont)

Figure 7. Inhibition of the autophagic-lysosomal pathway i cells expressing the Cys67stop protein leads to apoptosis.
Cells were infected with Ads and treated with inhibitors for 36 h. .4) Cytofluorometric detection of cells expressing cell-
surface Annexin V binding sites. Treatment of Ad-VCAT-Cys67stop-infected Neuro2a cells, but not Ad-VCAT-infected
cells, with mhibitors of the autophagic-lysosomal pathway increases the percentage of Annexin V-positive cells. B) The
appearance of a hypodiploid (subG1) cell population was momtored by flow cytometry on the whole cell population (1.e.,
monelayer plus cells recovered from the medium). Treatment with inhibitors of the autophagic-lysosomal pathway
significantly mcreased the subG1 population following infection of Neuro2a cells with Ad-VCAT-Cys67stop, but not with
Ad-VCAT. €) Chromatin alterations were demonstrated by the appearance of condensed and fragmented nuclei as
revealed by DAPI staimng. Arrows show fragmented cells with condensed DNA. D) Release of cytochrome ¢ by
permeabilized mitochondria revealed by immunofluorescence using a specific monoclonal antibody. E) Activation of
caspases was demonstrated by fluorescent staining of adherent cells with FITC-VAD-FMEK. Labeled cells were observed
and counted under a fluorescence microscope and further analyzed by flow cytometry. The graph shows that, in the
presence of 3MA, Asn. or Pst, there 1s a significant increase in the percentage of activated caspase-positive cells following
Ad-VCAT-Cys67stop. but not Ad-VCAT mfection.
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ABSTRACT

Mutations in the human gene encoding the antidiuretic hormone vasopressin (VP) cause
autosomal dominant familial neurohypophyseal diabetes insipidus (adFNDI). a rare inherited
disorder that presents as polydipsia and polyuria as a consequence of a loss of secretion of VP
from posterior pituitary nerve terminals. Work from our laboratories has shown that adFNDIL
like other neurodegenerative diseases such as Alzheimer’s. Parkinson’s and Huntington's, is
associated with autophagy. We have recently shown that the activation of autophagy in mouse
neuroblastoma NeuroZ2a cells after adenoviral vector-mediated delivery of an adFNDI mutant VP
transgene (Cys67stop) is a cell survival mechanism: its inhibition induces apoptosis. We now
show that expression of Cys67stop sensitizes Neuro2a cells to the lethal effects of dopamine.
This mode of cell death exhibits features typically associated with classical apoptosis. Yet
inhibition of autophagy reversed these effects and rescued cell viability. We propose that
autophagy-mediated cell death is a “two-hit” process: Following the cellular stress of the
accumulation of a misfolded mutant protein, autophagy is prosurvival. However, a second insult
triggers an autophagy-dependent apoptosis.

Key words: vasopressin * apoptosis * dopamine * adFNDI

smotic homeostasis is aggressively defended in mammalian organisms. A crucial
mediator of osmotic stability is the neuropeptide antidiuretic hormone vasopressin (VP)
(1). VP is synthesized as part of a prepropeptide precursor in the cell bodies of
hypothalamic neurons involved in osmoregulation (2). Following signal peptide removal and
disulphide bond formation in the endoplasmic reticulum (ER). the propeptide is sorted (3) and
packaged into dense core granules of the regulated secretory pathway in the trans-Golgi network
(TGN) (3. 4). Further processing and maturation events occur as the granules are transported
from the cell body to storage in nerve terminals in the posterior pituitary (4). Here, the mature
peptide is stored until mobilized for secretion into the circulation by electrical activities evoked
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by hyperosmolality. VP travels through the bloodstream to specific receptor targets located in the
kidney, where it increases the permeability of the collecting ducts to water, reducing the renal
excretion of water. and promoting water conservation.

VP-mediated osmotic homeostasis breaks down in familial neurohypophyseal diabetes insipidus
(adFNDI) (5), an autosomal dominant disorder caused by mutations in the vasopressin (VP) gene
(6. 7). adFNDI presents as excessive drinking and urination as a consequence of a progressive
loss of secretion of VP from posterior pituitary nerve terminals (5). Carriers are born normal, and
the disease develops during childhood, despite the presence of a normal allele. A limited number
of autopsy examinations have described a paucity of VP neurons in the hypothalami of adFNDI
patients (8—11). Similarly. a recent report has shown that “knock-in" mice expressing an adFNDI
mutant VP gene exhibit a progressive loss of VP-expression (12). These data suggest that
progressive degeneration might be involved in the pathogenesis of adFNDIL

Neurodegeneration and neuronal cell death underlie the symptoms of many neurological diseases
(13). The best-understood mechanism of neuronal cell death, classically defined as “apoptosis,”
is mediated via caspase 9 acfivation and a mitochondrial route, or directly via caspase 8 to the
primary effector, caspase 3 (14, 15). However, it is now recognized that other cell death
pathways exist, including autophagy (15). a bulk process that delivers regions of cytoplasm. or
whole organelles, to lysosomes for degradation and recycling (16). These pathways are not
mutually exclusive. For example, it has been demonstrated that the same apoptotic signals that
cause mitochondrial dysfunction. cytochrome ¢ release and caspase activation also activate
autophagy (17).

We have shown that rat VP hypothalamic neurons (18-20), and mouse neuroblastoma Neuro2a
cells (20), exhibit autophagy following the expression of an adFNDI transgene (Cys67stop)
corresponding to a mutant VP allele originally identified in a Japanese family (21). Mutant
adFNDI protein accumulates in the ER, which is then targeted for autophagic degradation (20).
Thus adFNDI, like a number of other clinically important protein aggregation neurodegenerative
diseases (22. 23), such as Parkinson’s (24, 25), Alzheimer’s (26-28) and Huntington’s (29), is
associated with the accumulation of misfolded protein aggregates within cellular compartments
that are subsequently targeted for degradation by autophagy. However, the role of autophagy in
the etiology of these disorders is unclear. While it is not difficult to imagine that autophagy. a
process inveolving massive intracellular degradation, might promote cell death (30, 31), this is
contradicted by the similarly axiomatic concept that autophagy (30, 31) is a prosurvival
mechanism under conditions of cellular stress. Indeed. we have shown that inhibition of
autophagy in Neuro2a cells expressing a virally delivered adFNDI mutant transgene (Cys67stop)
induces apoptosis, suggesting that autophagy plays a role in the prevention of cell death
following the stress of mutant protein accumulation (20).

In the present report. we have further explored the relationship between mutant protein
accumulation, autophagy. cell survival, and cell death. These studies were based on the premise
that neuronal cells in vivo are continuously exposed to environmental and metabolic insults, such
as neurotransmitter stimulation or oxidative stress. We hypothesized that frail neurons, already
undergoing autophagy in order to clear mutant proteins, might be more prone to cell suicide as a
consequence of exposure to such stressors. Neuro2a cells expressing the Cys67stop mutant
protein were subjected to oxidative stress using dopamine (DA). We found that this additional
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insult did indeed lead to increased cell death, manifested by the typical morphological and
biochemical features of classical apoptosis. Surprisingly, inhibition of autophagy blocked
cytochrome ¢ release from mitochondria and caspase activation, and, importantly, rescued cell
viability. These data suggest that autophagy has a bifunctional role in cell survival and death
following mutant protein accumulation. Initially, autophagy has a prosurvival role, presumably
by clearing potentially toxic protein aggregates. However, following a second insult, autophagy
switches to a death mode that shares biochemical and morphological features with classical
apoptosis.

MATERIALS AND METHODS
Adenoviral vectors

The Ad-VCAT and Ad-VCAT-Cys67stop recombinant adenoviral vectors have previously been
described (20). Ad-VCAT-Cys67stop encodes the Cys67stop fruncated VP precursor and is
implicated as the cause of adFNDI in a Japanese family (21), under the control of the
tetracycline-responsive element (TRE) (32). Ad-VCAT encodes a wild-type VP precursor C-
terminally tagged with a 16 amino acid DR-12-EK epitope (33), also under TRE control. Ad-
CMV-TetOff encodes the TetOff transactivator under the constitutive centrol of the CMV
promoter-enhancer (34). TetOff interacts with the TRE to drive the expression of transgenes in
the absence of tetracycline (32, 34). Neuro2a cells were infected with Ad-CMV-TetOff and
either Ad-VCAT or Ad-VCAT-Cys67stop (ratio of 1:1) at a multiplicity of infection (MOI) of
50. Both Ad vectors mediate a high rate of infection (>90%) of target mouse neuroblastoma
Neuro2a cells, irrespective of treatment.

Cell culture and treatments

Mouse neuroblastoma Neuro2a cells were grown in humidified 5% (vol/vol) CO; atmosphere in
DMEM medium supplemented with 10% (vol/vol) FCS and penicillin/streptomycin mix (1%
wt/vol). Cells were seeded at 5 x 10* cells/em” in six-well multiplates and allowed to adhere for
24 h before any treatment. For morphological studies, cells were seeded at a density of 15,000
cells/cm’ on noncoated sterile cover slips. Autophagy inhibitors were added at the same time as
viral infection and were used at the lowest, most effective nontoxic concenfrations. 3-
methyladenine (3MA; Sigma-Aldrich, Gillingham, Dorset, UK; 100 uM in DMSO) inhibits the
formation of autophagosomes (35. 36). Asparagine (Asn; Sigma-Aldrich; 20 mM in DMEM)
prevents the delivery of autophagocytosed material to lysosomes (37). The final concentration of
DMSO in the medium (<0.1% vol/vol) is not toxic to Neuro2a cells. Ten hours after infection,
some cultures were treated with DA (1 mM: Sigma-Aldrich). The pan-caspase inhibifor ZVAD-
fink (Alexis Corporation, Lausen, Switzerland; 20 uM) was added 3 h before DA freatment to
ensure cell permeation.

Labeling of autophagic vacuoles with monodansylcadaverine

Monodansylcadaverine (MDC) is a spontaneously fluorescent dye that is incorporated selectively
into autophagosomes and autolysosomes (38. 39). Cells were incubated with 0.05 mM MDC in
PBS at 37°C for 1 h. After incubation, cells were washed two times with PBS and immediately
analyzed by fluorescence microscopy (excitation: 380-420, barrier filter 450 nm).
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Cell viability and cell death

At the end of the incubation period. cultures were observed under a phase-contrast light
microscope (Leica DM IRB, Leica Microsystems, Milton Keynes, UK) and photographed using
a Leica DC 300F camera (Leica Microsystems, Milton Keynes, UK). At the times indicated,
control and treated cells were harvested and counted. Dead cells were identified using the trypan
blue staining test. Adherent cells were detached and resuspended in DMEM. Subsequently, they
were mixed with 0.04% (wt/vol) trypan blue in the ratio 1:1. The percentage of cells stained was
determined by hemocytometer counting. Apoptosis was ascertained morphologically and
cytofluorometrically. The appearance of a hypodiploid cell population (subG1l) was monitored
by flow cytometry on the whole cell population (i.e., monolayer plus cells recovered from the
medium) fixed for 30 min with 70% (vol/vol) ethanol and stained with propidium iodide (PI; 0.2
mg/ml) in the presence of DNase-free RNase (fo avoid RNA labeling). Data obtained represent
the hypodiploid content as a proportion of the total labeled DNA. The settings of the instrument
(forward and sidescatter parameters) should exclude mechanically damaged cells. Apoptosis was
further objectively assessed using a method based on the expression of cell surface Annexin V
binding sites (40, 41). Annexin V binds specifically to phosphatidylserine, which is externalized
on the infact plasma membrane during the early stages of apoptosis. The whole cell population
(i.e.. adherent and detached cells) were labeled with fluorescein isothiocyanate (FITC)-
conjugated Annexin V without prior fixation (42) to detect phosphatidylserine exposed on the
outer leaflet of the plasma membrane. Fluorescent cells were detected with a FacsScalibur
fluorescence-activated cell-sorter (BD Biosciences, Oxford, UK). At least 10,000 events were
analyzed for each sample.

Mitochondrial membrane integrity and caspase activity

Cytochrome c¢ release from mitochondria (43, 44) was examined using a mouse monoclonal
antibody (BD Biosciences, Oxford, UK). Cells were seeded on cover slips, fixed with 4%
(wtfvol) paraformaldehyde then permeabilized with 0.5% (vol/vol) Triton X-10 for 20 min.
Incubation with the anticytochrome ¢ monoclonal antibody for 3 h at room temperature was
followed by incubation with FITC-conjugated anti-mouse secondary anfibody. Stained cells were
observed using a confocal microscope (LeicaDMIRE 2. Leica Microsystems, Milton Keynes,
UK) with an excitation wavelength of 488 nm. Caspase activity was measured with the Caspase
Detection Kit (Merck Biosciences Ltd., Nottingham, UK) using FITC-VAD-FMK as a substrate.
Stained cells were analyzed by flow cytometry (FacsScalibur fluorescence-activated cell-sorter,
BD Biosciences, Oxford, UK) using FL1 channel and by fluorescence microscopy, using a FITC
filter (44).

Statistical analysis

All experiments were independently replicated at least 3 times. Data are presented = SD.
Statistical significance of differences between groups of data was determined by using the two-
way ANOVA (Anova using SPSS software). A P value less than 0.05 was considered significant
(denoted by an asterisk in the figures).
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RESULTS
The expression of Cys67Stop sensitizes Neuro2a cells to a second insult

We have tested the hypothesis that Cys67stop expression sensitizes the cell to the effects of a
second insult. Mouse neuroblastoma Neuro2a cells were infected for 10 h with Ad-VCAT-
Cys67stop, which encodes the Cys67stop truncated VP precursor, or the control virus Ad-
VCAT. encoding a C-terminally tagged wild-type VP precursor. Cells were incubated with DA
for a further 8, 14, and 40 h, and cell viability was assessed visually (not shown), by cell
counting (not shown) and by frypan blue staining to assess cell death (Fig. 1). We have
previously shown (20) that the expression of Cys67stop on its own has no effect on cell viability,
a finding confirmed by this time course experiment. However, simultaneous treatment with DA
sensitized the Ad-VCAT-Cys67stop-infected cells to the toxic effects of DA (Fig. 1): cell death
was faster and more pronounced at all time points compared with cells infected with the Ad-
VCAT confrol virus (Fig. 1). Sham (uninfected) cells behaved as Ad-VCAT-infected cells (not
shown).

Cell death induced by DA in Cys67stop expressing cells is autophagy-dependent

We then asked whether the cell death induced by DA in Neuro2a cells expressing the Cys67stop
protein is related to autophagy. As previously demonstrated (20), blockade of autophagy using
either Asn, which prevents fusion of autophagosomes with lysosomes (37), or 3MA, which
blocks autophagosome formation (35, 36), has no effect on the viability of Ad-VCAT-infected
cells at any time point (Fig. 1). However, both 3MA and Asn induce cell death in cells infected
with Ad-VCAT-Cys67stop-for 50 h (i.e., 10 h plus 40 h) (Fig. 1), suggesting that autophagy is a
prosurvival mechanism in cells accumulating a mutant protein (20). DA toxicity in Ad-VCAT-
infected cells becomes apparent only after 40 h of freatment, but simultaneous treatment with
3MA or Asn has no effect on viability, suggesting that DA-induced death in these cells is
autophagy-independent. In contrast, blockade of autophagy dramatically reduced cell death in
DA-treated cultures infected with the Ad-VCAT-Cys67stop virus, as demonstrated by a
significant increase in cell number (not shown) and by a significant decrease in trypan blue
staining (Fig. 1). Although evident at all time points, the prevention of DA-induced cell death by
the blockade of autophagy in cells expressing the Cys67stop mutant protein is most apparent 24
h (i.e., 10 h plus 14 h) after vector infection (Fig. 1). Subsequent experiments to characterize the
mechanisms of cell death in DA-treated cultures infected with the Ad-VCAT-Cys67stop virus
focused on this time point.

Cell death induced by DA in Cys67stop expressing cells has apoptotic characteristics

We asked whether the cell death induced by DA in Cys67stop-expressing cells was related to
classic apoptosis. Flow cytometry was used to quantify cell populations labeled with FITC-
Annexin V that identify early apoptotic cells. Treatment of CysG7stop-expressing cells with DA
quadrupled the association of FITC-Annexin V with the surface phosphatidylserine. indicative of
early apoptosis (Fig. 24). Flow cytometry of PI-labeled cells was used to quantify the subGl
hypodiploid population (Fig. 2B). Again, an increase in the subGl populations in Ad-VCAT-
Cys67stop-infected Neuro2a suggested the involvement of an apoptotic pathway. Apoptosis is
associated with activation of caspases by a cytosolic multiprotein complex formed upon

Page 5 of 18
(page number not for citation purposes)

101



cytochrome ¢ release from permeabilized mitochondria (45). Immunocytochemistry revealed
massive cytochrome ¢ release from mitochondria in DA-treated Ad-VCAT-Cys67stop-infected
cells (Fig. 2C and 2D). Interestingly, DA significantly increased Annexin V binding to Ad-
VCAT-infected cells (Fig. 24) and cytochrome ¢ release (Fig. 2C and 2D), but DNA
fragmentation (the SubG1 population) was not induced (Fig. 2B).

Apoptosis induced by DA in Cys67stop expressing cells is autophagy dependent

Autophagy inhibitors 3MA and Asn both blocked the classically apoptotic cell death
characteristics seen in DA-treated Neuro2a cells expressing Cys67stop. The autophagy inhibitors
significantly reduced the Annexin V FITC-positive population (Fig. 24). decreased the subGl
population (Fig. 2B), and inhibited the release of cytochrome ¢ (Fig. 2C and 2D). By contrast,
3MA and Asn reduced Annexin V binding, in DA-treated control Ad-VCAT-infected cells (Fig.
2.4), but had no effect on cytochrome ¢ release (Fig. 2C and 2D).

Cell death induced by DA in Cysé67stop expressing cells is caspase dependent

Next, we checked whether the caspase cascade was involved in DA-triggered cell death. Flow
cytometry revealed a strong activation of caspases in DA-treated cells expressing Cys67stop,
which was completely abolished by concomitant treatment with 3MA or Asn (Fig. 34). By
contrast, in confrol Ad-VCAT-infected cells, DA freatment was associated with only a slight
increase of caspase activity, which was both 3MA- and Asn-insensitive (Fig. 3.4). We then used
the specific inhibitor ZVAD-fmk to show that the death of DA-treated Ad-VCAT-Cys67stop-
infected cells was indeed caspase-dependent. As expected, ZVAD-fik blocks caspase activity in
DA-treated cells expressing Cys67stop (Fig. 3B). and this results in the rescue of cell viability, as
assessed by the trypan-blue exclusion test (Fig. 3C). Apparently, the small increase in trypan
blue-positive cells in DA-treated VCAT-expresing cultures is not abolished by caspase
inhibition.

Autophagosome formation and apoptosis

We further investigated the functional link between autophagy and caspase-dependent cell death
induced by DA. MDC is a spontaneously fluorescent dye that is thought to be incorporated
selectively into autophagosomes and autolysosomes (38, 39). We used MDC staining to reveal
the presence of autophagolysosmes in cells infected with either the control Ad-VCAT virus or
the Ad-VCAT-Cys67stop vector, with or without subsequent DA treatment (Fig. 4). As
previously demonstrated (20). pronounced autophagolysosomes were not seen in Ad-VCAT-
infected cells (Fig. 44). nor in uninfected cells (not shown):; the weak MDC staining in Ad-
VCAT-infected cells probably reflects the basal activity of the autophagy-lysosomal system,
which apparently is not inhibited by the dose of 3MA used in the present study (see also Fig.
4B). In contrast, CysG7stop expression induced the appearance of large, dense punctate vesicles
(Fig. 4B). In our previous work we have shown that these large vacuoles correspond to
autophagolysosomes on the basis of their acid pH and the presence of autophagy markers such as
Vps34, rab24, Beclin-1 and cathepsin D (20). DA-treatment also induced vesicle formation in
Ad-VCAT-infected cells, and further increased the degree of autophagolysosome formation in
Cys67stop-expressing cells. A similar picture was obtained by staining the cells with acridine
orange, a fluorochrome that labels acid vacuolar compartments (not shown). It should be pointed
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out, however, that immunofluorescent co-localization studies revealed that only the truncated
mutant transgenic VP was derouted to the autophagic pathway (20). As expected, blockade of
autophagy initiation with 3MA reduced the level of autophagolysosomes in Cys67stop-
expressing cells, with or without DA (Fig. 4). However, ZVAD-fmk freatment increased
autophagosome formation in both Ad-VCAT- or Ad-VCAT-Cys67stop-infected cells, with or
without DA (Fig. 4). suggesting that caspases may inhibit the initiation of autophagy.

DISCUSSION

We have explored the relationships befween mutant protein accumulation. activation of
autophagy. cell survival, and cell death in the transgenic rat (18, 19) and cell culture (20) models
of adFNDI. We have previously shown that the specific expression of an adFNDI mutant
transgene (Cys67stop) in rat VP hypothalamic neurons activates autophagy, a process that is
mimicked following the viral-delivery of Cys67stop fo Neuro2a cells (20). In the latter model,
inhibition of autophagy triggers apoptosis, suggesting a role for this bulk degradation process in
cell survival following the accumulation of a toxic mutant protein. Although autophagy is
triggered as early as 6 h after infection with Ad-VCAT-Cys67stop (unpublished), we show here
that an overt autophagy-dependent effect on cell protection does not become apparent until after
24 h of infection in the presence of DA (Fig. 1). In the absence of DA, this effect is strongly
delayed to 50 h. However, as early as 18 h (10 h plus 8 h) after infection (Fig. 1), autophagy.
induced as a consequence of mutant Cys67stop protein expression (20) (Fig. 4), sensitizes the
cell to the lethal effects of DA. No longer is autophagy protective; rather, a “two-hit” autophagy-
dependent cell death is observed in Cys67stop-expressing NeuroZ2a cells exposed to a second
insult, in this case DA. Death has features akin to classically defined apoptosis, such as the
release of cytochrome ¢ into the cytosol, caspase activation. the appearance of a hypodiploid
subG1 population and an increase in Annexin V binding sites (Fig. 2). All of these features are
dependent upon the process of autophagy. as shown by their reduction or elimination in the
presence of autophagy inhibitors. The precise mechanism whereby autophagy triggers or
mediates cell death remains to be determined. However, it is interesting to note that cell death
depends upon caspase activation (Fig. 3). Similarly, it has recently been shown that caspases
function in autophagic programmed cell death in steroid-treated Drosophila salivary gland cells
(46). However, in contrast to a recent report demonstrating caspase-8 induction of autophagic
cell death in 1929 fibroblastic cells (47). it would appear that caspases act downstream of
autophagy in DA-freated Cys67stop-expressing cells; inhibition of autophagy blocks caspase
activation (Fig. 3.4). Interestingly. blockade of caspase activity seems to promote autophagosome
formation (Fig. 4). suggesting that caspases might inhibit autophagy in this system.

Treatment of Neuro2a cells infected with the confrol virus Ad-VCAT induces cell death after 40
h of DA ftreatment (Fig. 1). Indeed. signatures of cell death—the elaboration of cell surface
Annexin V binding sites and cytochrome ¢ release, but not DNA fragmentation (Fig. 2)—are
evident earlier. DA treatment also induces the appearance of structures in the cell that stain with
MDC, possibly autophagosomes or autolysosomes (38, 39), but DA-mediated death is not
significantly sensitive to inhibitors of autophagy (Fig. 1), and although cytochrome ¢ release is
independent of autophagy. the appearance of Annexin V binding sites is blocked by autophagy
inhibitors (Fig. 2). Further, cell death induced by DA is insensitive to blockade of caspases (Fig.
3). In confrast, treatment of Neuro2Za cells expressing Cys67stop induces an autophagy- and
caspase-dependent apoptosis characterized by cell surface binding sites for Annexin V, DNA
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fragmentation, and cytochrome ¢ release as early as 8 h after DA addition (Fig. 1). Thus, on the
basis of the biochemical and morphological features, DA activated two different death pathways
in Ad-VCAT- and in Ad-VCAT-Cys67stop-infected cells: autophagy (MDC staining) and
Annexin V-positivity are observed in both cases, whereas the subG1 population is seen only in
the latter case. It should be pointed out that Annexin V-positivity is a feature shared by both
types of programmed cell death, that is, apoptosis and autophagic cell death., while the subG1l
peak reflects DNA fragmentation, which is a downstream (or late) event of the caspase cascade
activation (48). Our data can be interpreted as follows (see Fig. 5): 1) In VCAT-Cys67stop
expressing cells, DA induces a cell death with all of the characteristics of apoptosis (caspase-
dependence, Annexin V-positivity and subGl-positivity) that is, however, autophagy-dependent
(cytochrome ¢ release, caspase activation, and downstream events are prevented by autophagy
inhibitors 3MA or Asn); 2 In control Ad-VCAT-infected cells, DA induces an autophagic cell
death, which is caspase-independent and, in fact, it is not inhibited by ZVAD and does not show
the appearance of the subGl peak. Nonetheless, DA induces an autophagy-independent release
of cytchrome ¢ and a slight activation of caspases which is, however, not instrumental in the
progress to cell death.

We have previously speculated as to the role of autophagy in the etiology of adFNDI (18-20).
We suggested that the accumulation of mutant Cys67stop protein in the ER causes insoluble
aggregates to form. This results in the development of a pathology characterized by a grossly
deranged ER. that accumulates both mutant and trapped wild-type protein. Under these
circumstances, autophagy. acting as a cell survival mechanism, removes the deranged structures.
Wild-type prohormone will be eliminated when the deranged organelle is destroyed, resulting in
progressive VP-deficiency. However, this hypothesis failed fo directly explain the paucity of VP
neurons seen in the hypothalami of some adFNDI patients (8-11). We had suggested that
neuronal atrophy, although not necessarily the primary cause of the disease, might be a long-term
consequence of adFNDI, yet we were, until now, unable to bolster this hypothesis with a
proposed mechanism. We noted that neuronal cells in vivo are continuously exposed to
environmental and metabolic insults, such as neurotransmitter stimulation. oxidative stress,
prosurvival factor depletion, or nutrient starvation. Here. we tested the hypothesis that frail
neurons, already undergoing autophagy in order to clear mutant proteins, might be more prone to
cell suicide as a consequence of exposure to such stressors. Indeed, we have now shown that
Neuro2a cells expressing the Cys67stop mutant protein are less viable following DA exposure.
We thus suggest that, in adFNDIL, a progressive reduction of VP secretion, caused by autophagy,
would lead to a chronic increase in plasma osmolality. Overstimulation of VP neurons by
endogenous, cell-autonomous mechanisms and by excitatory afferents (49) might then trigger a
pathologic sequence of neurotoxic events that ultimately leads to autophagy-dependent cell
death.

Although adFNDI is a rare disease, we suggest that our studies on this intriguning model have
broader implications for our understanding of more common, and more devastating,
neurodegenerative disorders. We have shown that autophagy has a bimodal role in the etiology
and pathogenesis of protein aggregation disease. Initially, autophagy is triggered to destroy
potentially toxic aggregates. For example, as in our adFNDI model. the induction of autophagy
by polyglutamine aggregates in Huntington’s disease models decreases their accumulation (50)
and toxicity (51). However, this ongoing autophagic activity sensitizes the neuron to the toxic
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effects of a second insult. Under these circumstances, autophagy switches from a prosurvival to a
prodeath mode. The signaling pathways that flick this switch are currently under investigation.
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Figure 1. Cys67stop expression sensitizes NeuroZ2a cells to the toxic effects of DA, Neuro2a cells were infected with
either the Ad-VCAT or Ad-VCAT-Cys67stop vectors, bearing wild-type or truncated VP transgenes, respectively. Ten
hours later, cells were further incubated with or without DA (1 mM) for 8, 14, and 40 h. Some cultures were treated with
the autophagy inhibitors Asn or 3MA. Cell viability was assessed by trypan blue (TB) staining, to quantify dead cells.
Cys67stop expression has no effect on cell viability, but inhibition of the autophagy-lysosomal pathway in cells expressing
the Cys67stop protein induces cell death at 50 h postinfection. Treatment of Cys67stop-expressing cells with DA increases
death, which is prevented by treatment with autophagy inhibitors. In control Ad-VCAT-infected cells an autophagy-
independent DA toxicity became apparent only at a late time point. Sham (uninfected) cells behaved as Ad-VCAT-infected
cells (not shown).
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Figure 2. DA activates an autophagy-dependent apoptotic pathway in cells expressing the Cys67stop protein. 10 h
after viral infection, cells were treated with DA for a further 14 h. Inhibitors were added at the same time as viral infection.
A) Apoptosis was ascertained cytofluorometrically by detection of cells expressing Annexin V binding sites on the surface.
Treatment of Ad-VCAT-Cys67stop- and Ad-VCAT-infected Neuro2a cells with DA inereases the percentage of Annexin
V-positive cells, and this is reversed by inhibition of autophagy with 3MA or Asn. B) The subG1 hypodiploid population
was quantified by flow cytometry of Pl-labeled cells. Treatment of Ad-VCAT-Cys67stop-infected Neuro2a cells, but not
Ad-VCAT infected cells, with DA increases the subGl population, and this is reversed by inhibition of autophagy with
IMA or Asn. C) DA-induced cell death is associated with release of eytochrome ¢ from mitochondria. Ad-VCAT or Ad-
VCAT-Cys67stop-infected N2 A cells were treated with DA for 14 h, The immunofluorescence shows the release of
cytochrome ¢ by pemmeabilized mitochondria. In Ad-VCAT-Cys67stop-infected cells, but not in Ad-VCAT-infected cells,
the release of cytochrome ¢ is prevented by 3MA and Asn. D) This was quantified by counting cytoplasm-stained cells in
at least four fields under the fluorescent microscope. Data are given as mean + SD of the percentage of stained cell per
field.
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Fig. 3
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Figure 3. Cell death in DA-treated Neuro2a cell expressing Cys67stop is caspase-dependent. Neuro2a cells were

infected with either the Ad-VCAT or Ad-VCAT-Cys67stop vectors. Ten hours later, cells were further incubated with or
without DA for a further 14 h. Some cultures were treated with the pan-caspase inhibitor ZVAD-fmk. 4) Activation of
caspases was demonstrated by fluorescent staining of adherent cells with FITC-ZVAD-fink. Labeled cells were observed
and counted under a fluorescence microscope and further analyzed by flow cytometry. In the presence of DA, there is a
significant increase in the percentage of activated caspase-positive cells following Ad-VCAT-Cys67stop expression, and
the effect is reversed by 3MA or Asn. B) Caspase activity in Ad-VCAT- and Ad-VCAT-Cys67stop-infected cells in the
absence and presence of DA is abolished by treatment with ZVAD-fmk. €) Cell viability was assessed by trypan blue
staining to quantify dead cells. Cell death mediated by DA is caspase-dependent in Cys67stop-expressing cells, whereas in
control Ad-VCAT-expressing cells DA toxicity is not significantly prevented by caspase inhibition.
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Fig. 4

No treatment 3MA ZVAD

Figure 4. Autophagosome formation in Neuro2a cells infected for 10 h with either the control Ad-VCAT virus (A)

or the Ad-VCAT-Cys67stop vector (B), with further incubation for 14 h m the presence (+) or absence (—) of DA,

Some cultures were treated with the autophagy inhibitor 3MA or the pan-caspase inhibitor ZVAD-fmk. Autophagosomal
vesicles were identified using MDC. A basal level of autophagy is seen in Ad-VCAT-infected cells expressing the wild-
type VP, whereas Cys67stop expression induces the appearance of large, dense punctuate vesicles. DA-treatment increased
vesicle formation in both Ad-VCAT- and Ad-VCAT-Cys67stop-infected cells. 3MA reduces the degree of
autophagolysosome formation, whereas ZVAD-fimk treatment increases it.
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Fig. 5
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Figure 5. DA activates two different death pathways in Ad-VCAT and in Ad-VCAT-Cys67stop-infectad cells. In
VCAT-Cys67stop-expressing cells, DA induces a cell death with all of the characteristics of apoptosis (caspase-
dependence, Annexin V-positivity and subG 1-positivity) that is, however, autophagy-dependent. Cytochrome ¢ release,
caspase activation. and downstream events, including cell death as measured by TB incorporation. are prevented by
autophagy inhibitors 3MA or Asn. In control VCAT-expressing cells, DA induces an autophagic cell death, which is
caspase-independent and is not inhibited by ZVAD and does not show the appearance of the subG1 peak. Nonetheless, DA
induces an autophagy-independent release of cytchrome ¢ and a slight activation of caspases that is not involved in cell

death.
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3. REGOLAZIONE DELLA PROTEOLISI
LISOSOMICA E MORTE NEURONALE DA STRESS
OSSIDATIVO

L’incidenza delle malattie neurodegenerative (anak di Alzheimer, morbo di
Parkinson, corea di Hungtinton, sclerosi laterahotrofica) € aumentata notevolmente
negli ultimi anni. Le cause e i meccanismi che salfeobase della patogenesi di queste
malattie neurodegenerative cominciano ad essermedél grazie soprattutto alla
disponibilita di strumenti e metodi biotecnologsgmpre piu sofisticati e potenti e ai
modelli in “vitro” di malattie di piu facile manigazione. Tra i molti fattori che causano
danno neuronale possiamo certamente includeredessbssidativo. L'elevato utilizzo
di ossigeno e l'elevata attivita mitocondriale deuroni rende, infatti, le cellule
neuronali particolarmente sensibili allo stressidas/o mediato dai radicali liberi
dellossigeno (ROS). Lo stress ossidativo sembmdurie la morte delle cellule
neuronali sia direttamente agendo su piu bersaglit(brana plasmatica, DNA, RNA) e
su alcune vie di trasduzione dei segnali di morte isdirettamente favorendo un
accumulo intracellulare di materiale lipo-proterman degradabile di frequente riscontro
nelle malattie neurodegenerative).

Nell'articolo allegato (sottoposto per la pubbkmme a Journal of
Neurochemistry) sono descritti i risultati di espenti svolti a chiarire il ruolo delle
catepsine lisosomiche nella morte cellulare inddégerossido di idrogeno in cellule di

neuroblastoma umano.
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REGULATION OF LYSOSOMAL PROTEOLYSIS AND
PEROXIDE-INDUCED CELL DEATH
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Neuronal cells are highly susceptible to reactixegen species (ROS)-induced
damage. Low levels of ROS are produced in all aggduring normal physiological
conditions, yet endogenous antioxidant systemseprdtom any lethal consequence.
Oxidative stress in the brain occurs when genarabioROS overrides the ability of
antioxidant systems to remove excess of ROS. Qx&atress manifests as increased
levels of oxidized lipids, proteins and nucleicdsciln particular, protein oxidation of
enzymes would negatively reflect on multiple cellulfunctions including protein
synthesis, signal transduction, production of epergn homeostasis and intracellular
trafficking. Moreover, oxidized proteins tend tarfo aggregates, as a consequence of
their increased hydrofobicity and misfolding (Squz001).

We have studied the complex interplay between tivsedeath pathways in
human neuroblastoma cells subjected to variousooadical stresses. In this study we
have investigated the involvement of the lysosorpathway in the cytotoxic
mechanism of hydrogen peroxide in human neurobiastoells SH-SY5Y, a widely
used model cell system for studying neuronal celhtd. Cell death by hydrogen
peroxide was preceded by alteration of lysosomal amtochondrial membrane
integrity. Leakage from lysosomes, permeabilizatbdmitochondria and cell death in
hydrogen peroxide-treated neuroblastoma cells wezeented by desferrioxamine, an
iron chelator that abolishes the formation of re@cbxigen species within lysosomes.
Inhibition of cathepsin D, not of cathepsin B, asllwas small-interference RNA-
mediated silencing of cathepsin D gene protectedh fhydrogen peroxide-induced
injury of lysosomes and mitochondria and prevertaspase activation and TUNEL-

positive cell death.
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ABSTRACT

Hydrogen peroxide, the major oxidoradical species in the central nervous system. has been
implicated in neuronal cell death and associated neurodegenerative diseases. In this study we have
investigated the involvement of the lysosomal pathway in the cytotoxic mechanism of hydrogen
peroxide in human neuroblastoma cells SH-SYSY, a widely used model cell system for studying
neuronal cell death Cell death by hydrogen peroxide was preceded by alteration of lysosomal and
mitochondrial membrane integrity. Leakage from lysosomes, permeabilization of mitechondria and
cell death in hydrogen peroxide-treated neuroblastoma cells were prevented by desfernoxamine, an
iron chelator that abolishes the formation of reactive oxigen species within lysosomes. Inhibition of
cathepsin D, not of cathepsin B, as well as small-interference RINA-mediated silencing of cathepsin
D gene protected from hydrogen peroxide-induced injury of lysosomes and mitochondria and
prevented caspase activation and TUNEL-peositive cell death. The present study identifies the
lysosome as the primary target and cathepsin D as the principal mediator of hydrogen peroxide
lethal activity in neuronal cells. Our data indicate that lysosome-targeted antioxidant drugs or
cathepsin D inhibitors could have great therapeutic potential to avoid newronal cell death by

oxidoradical injury.

Running title: Cathepsin D and neuronal cell death

Kev words: oxidative stress, lvsosomes, mitochondria, caspases, apoptosis, neurodegeneration.
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INTRODUCTION

Weuronal cells are highly susceptible to reactive oxigen species (FOS)-induced damage. Low levels
of ROS are produced in all organs during normal physiological conditions, vet endogenous
antioxidant systems protect from any lethal consequence. Omadative stress in the brain occurs when
generation of ROS overrides the ability of antioxidant svstems to remove excess of ROS. Several
factors contribute to elevated ROS generation in the nervous tissue: first, the brain has the highest
metabolic consumption of oxygen in the body (Malese, 2002); second, it contains high levels of
iron, a reactive metal that promotes the formation of ROS (Koeppen, 1995; Brun and Brunk, 1970;
Herbert et al, 1994; Smith et al., 2002); third, it 15 targeted by ROS-inducing neurotransmitters
{Thakar and Hassan, 1988; Langeveld et al., 1993) and, forth, it is enriched in polyunsatured fatty
acids that can propagate cell injury by oxvgen free radicals (Keller and Mattson, 1998). Oxidative
stress manifests as increased levels of oxidized lipids, proteins and nucleic acids. In particular,
protein oxidation of enzymes would negatively reflect on multiple cellular functions including
protein synthesis, signal transduction, production of energy, ion homeostasis and intracellular
trafficking. Moreover, oxidized proteins tend to form aggregates. as a consequence of their
increased hydrofobicity and misfolding (Squier, 2001). These protein aggregates are potentially
toxic for neurons because of their adverse effects on the cytoskeleton dynamic and the wvesicular
traffic along the axon and the dendrites (Sohal, 2002; Lee et al, 2003). Two principal proteolytic
systems are in charge to remove oxidized proteins and protein aggregates: the proteasome and the
lysosome {Goldberg, 2003; Keller et al., 2004). It has been reported that highly oxidized proteins
can inhibit proteolysis, thus promoting the progressive deposition of foxic undegradable
proteinaceous aggregates. This explains the deleterious effects of oxidative stress in the
pathogenesis and progression of neurodegenerative disorders such as Alzheimer's, Parkinson’s,
Huntington’s and prion diseases (Maiese and Chong, 2004; Bamham et al., 2004; Brown, 2005;
Goswami et al, 2008). Exposure to ROS can precipitate apoptosis in both neuronal cells and

astrocytes (Covle and Puttfarcken, 1993; Fobb and Conner, 1998). The signaling pathways
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involved in oxidative stress-induced neuronal apoptotic cell death are complex and not fully
understood (Chandra et al., 2000; Sastryv et al, 2000). The aim of the present study was to dissect
the death pathway activated by hydrogen peroxide, the most represented ROS in the CNS. As a
neuronal cell model, we chose the human newroblastoma cell line SH-SY5Y, a model cell system
widely employed in studies on neuronal cell death by oxidative stress {(Zhang et al.| 1997; Misonou
et al., 2000). We focused, in parficular, on the lysosome-mitochondrion axis of death signaling. In
this report we show that hydrogen peroxide leads to lysosome permeabilization via iron-catalyzed
formation of ROS. Moreover, we demenstrate that cathepsin D (CD), not cathepsin B (CB), triggers
the mitochondrial caspase-dependent intrinsic pathway of cell death in hydrogen peroxide injured
neuronal cells. A novel and interesting finding of the present study is that CD, not CB, is
indispensable to induce the permeabilization of lysosome membrane, indicating that beside Lipid
peroxidation a proteolytic event is needed for the formation of micropores. This is the first
demonstration of the direct involvement of CD in this process. Altogether, the present data lend
support to the view that lysosome-targeted anfioxidant drugs as well as genetic or pharmacological
manipulation of CD activity could have great therapeutic potenfial to avoid newronal cell death

induced by oxidative stress.

MATERIALS AND METHODS

Unless otherwise specified all chemicals and antibodies were from Sigma-Aldrich Corp., St. Luis,
MO, TUSA

Cell culturing, treaiments and evalnation of cytetoxicity

Human neuroblastoma SH-SY3Y cell line was obtained from the American Type Culture
Collection {ATCC, Rockville, MD) and cultivated vnder standard culture conditions (37°C; 95%
air:3% COy) 1n 50% Minimal Essential mediom and 50% F12 Nutrient Medium supplemented with

10% heat- inactivated fetal bovine serum (Invitrogen Corp., Carlsbad, CA, USA), ZmM L-
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glutamine and 1% of a penicillin-streptomycin solution. Cells were seeded and let adhere on sterile
plastic dishes for 24 h prior to start any treatment. Treatments included 200 pM hydrogen peroxide,
100 pM Pepstatin A (Pst), 10 pM CAOT4Me (Bachem AG, Bubendorf, Switzerland), and 1 mM
desferrioxamine (DFO). In some cases, before starting the incubation with hydrogen peroxide the
culture medivm was supplemented with DFO (3 h in advance), Pst (12 b in advance) or CAQ074Me
(1 h in advance). Pst was diluted from a stock solution in dimethylsulfoxide so that final
concenftration of the solvent in the incubation medium did not exceed 0.1 % (v/v), a concentration
that was not toxic to cells. At the end of incubation, adherent and suspended cells were collected,
diluted in a solution containing trypan blue and counted. Alternatively, cells were collected, washed
in PBS and incubated for 15 nun at room temperature with 2 pl annexin V-FITC {Alexis
Laboratories, 5. Diego, USA), 5 ul propidium iodide {PI) and 98 pl of buffer (10mM HepesWNaOH
pH 74, 140mM NaCl 2.5mM CaCly). Cells (at least 10,000 per sample) were analyzed in a
FacScan flow cytometer (Becton Diclanson, Mountain View, Ca, USA) equipped with the winMDI
software.

SubG1 analysis

At the end of incubation, the cells were pooled, collected by centrifugation (1000 g for 15 mun),
washed twice with cold PBS and fixed in ice-cold 70% ethanol for 1h at 4°C. Cells were then
washed twice with PBS and incubated with ENase A (0.4mg/ml) for 30 min at 37°C and with PI
(0.18 mg/ml) for 15 min in the dark, af room temperature. In this case only necrotic cells could be
labeled. DNA analvysis was performed with a FacScan flow cytometer (Becton Dickinson, Mountain
View, Ca, USA) equipped with a 488 nm argon laser. Cells with hvpodiploid content of DINA
(subG1 peak) were assumed as apoptotic.

siRINA transfection

Post-translational silencing of CD expression was achieved by the small interference ENA (siRINA)
technology. Duplexes of 21-nucleotide siBNA mcluding two 3'-overhanging TT were synthesized

by MWG Biotech AG (Washington, DC). The sense strand of siBNA 0 was

>
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GAACAUCUUCUCCUUCUAC, corresponding to the positions 724-742 relative to the start codon
of the CD mENA (Faust et al.. 1985). An inefficient CDYO cligonucleotide corresponding to the
AGGUAGUGUAATUCGCCUUG sequence was used as a negative control of transfection (referred
to as control-duplex). Transfection was performed with Lipofectamine 2000 (Invitrogen Corp.)
following the manufacturer’s protocol. After a first round of transfection, cells were incubated for
48 h in fresh medinm, then subjected to a second round of transfection and incubated for further 48
hin fresh medium prior to any treatment.

Cathepsin D) activity

CD activity was assayed at pH 3.65 using an aminomethyleoumarine-conjugated hemoglobin as
substrate (Démoz et al, 2006). An aliquot (40 pl) of cell homogenate was incubated for 12 h at
37°C in a formate-acetate buffer (12.5 mM, pH 3.63), 1 ug aminomethylcoumarine-hemoglobin in
50 wl final volume The assay was mun on a multiwell plate and fluorescence was read in a
spectrafluorometer at 365 and 460 nm excitation and emission wavelengths, respectively. To prove
that substrate was hydrolyzed by CD, the specific inhibitor Pst was added to parallel samples.
Protein expression analysis

CD protemn levels were evaluated by standard immuncblotting procedure (Démoz et al., 2006).
Cells were homogenized in buffer containing detergents and protease inhibitors. 30 pg of cell
proteins were denatured with Laemmli sample buffer, separated by electrophoresis on a 12.5%
polvacrylamide gel and then electroblotted onto nitrocellulose membrane (Biorad, Hercules, CA,
USA). CD was detected by a rabbit polyclonal antisemum anti-CD {Démeoz et al., 2008) and Tubulin
by a mouse moncclonal antibody followed by peroxidase-conjugated appropriate secondary
antibody and subsequent peroxidase-induced chemiluminescence reaction (Biorad). Intensity of the
bands was estimated by densitometric analysis (Quantity one software).

Assessment of caspases activify

Caspases activity was measured with the Caspases Detection kit (Merck Biosciences Lid,

Nottingham, UK) uvsing FITC-VAD-fmk as a substrate following the manufacturer’s protocol.

G
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Stained cells {at least 10,000 per sample) were analyvzed by flow cytometry. Data were interpreted
using the winMDI software.

Flnorescence microscope imaging

Coverslips with adherent cells stained as detailed below were mounted in mowiol (1% in PBS).
Images were captured with a Zeiss fluorescence microscope equipped with a digital camera or with
Leica DMIRE? confocal fluorescence microscope (Leica Microsystems AG, Wetzlad, Germany)
equipped with Leica Confocal Software v. 2.61. For each experimental condition three coverslips
were prepared. At least four fields in each coverslip were examined by two independent
investigators. Representative images of selected fields are shown. Data were reproduced in at least
three independent experiments.

Cathepsin D and Tubulin immunosiaining

Immuncfluorescence staining was performed as previously reported (Démoz et al., 2008). CD was
detected by a rabbit polyclonal antiserum anti-CD (Démeoz et al., 2008) followed by a Tretamethyl-
rodhamine-Isothiocyanate-conjugated goat-anti-rabbit IgG. Tubulin was detected using a mouse
monoclonal antibody followed by a FITC-conjugated goat-anti-mouse IgG.

DAPI and TUNEL staining

Apoptosis-associated chromatin alterations were detected by staining the cells with the DNA-
labeling fluorescent dye 4-6-diamidino 2-phenylindol-dihydrochloride (DAPL 1:500 in PBS/0.1%
Trton X-100, 4% fetal bovine serum). Alternatively, apoptotic cells were revealed by in sifu
Terminal deoxinucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay
performed with the “In situ Cell Death Detection”™ fluorescent Kit (Roche Diagnostics Corporation
Indianapelis, IN, USA) following manufacturer’s instmuictions.

Lysosomes and mitochondria permeabilization sindies

For studies on lysosomal membrane integrity, at the end of treatments cells on coverslips were
incubated with the lysosomotropic fluorochrome Aecridine Orange (AO, 1:200 from 0.5 mg/ml in

distilled water) for 10 min at 37°C. AO is a metachromatic fluorophore that emits a vellow-green or
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a red fluorescence depending on its un-charged native or its proton-charged form. respectively.
Living cells were immediately observed and photographed under the confocal fluorescence
microscope. Mitochondrial membrane integrity was tested by using the fluorescent dye Rhodamine
123 (530 oM 1 culture medium; 10 min) or with Mitotracker Red (Tnvitrogen Corp.). For
Mitotracker, cells on coverslips were fixed in 3.7% paraformaldehyde for 1h, permeabilized with
0.2% Triton X-100 for 20 min and incubated with 0.2 pl'ml of mitotracker solution for 15 min at
37°C.

Statistical analysis

The Instat-3 Statistical software (Graphpad Software Inc, San Diego, CA, TUSA) was used. Data are

given as mean = 5.1,

RESULTS

Cell death by hydrogen peroxide is preceded by lysosomes and mitochondria permeabilization
The mcubation of human neuroblastoma SH-SYSY culture with 200 uM hydrogen peroxide for 2 h
resulted in a dramatic cell loss in the monolayer amounting to approximately 50 % of adberent cells
(Figure 1A) Cytofluorometric analysis of cells double-labeled with Annexin V-FITC, which binds
to phosphatidylserine, and with propidium 1odide, which labels DINA in necrofic cells, indicated that
approximately 50 % of treated cells died by apoptotic-like cell death and that half of this population
underwent secondary necrosis (Figure 1B). To assess the involvement of the apoptosis intrinsic
pathway in hydrogen peroxide-induced cell death we examined the integrity of mitochondria as
tested by retention of the fluorescent dye rhodamine. The images in Figure 1C clearly indicated loss
of mitochondrial membrane integrity in cells exposed to hydrogen peroxide Mithocondnal
dysfunction, as tested by rhodamine staining, started to become apparent after 1 h of exposure to
hydrogen peroxide. We further investigated whether hydrogen peroxide also affected the integrity
of lyvsosomes, organelles that have been shown to play a role in apoptotic-like cell death pathways

(Castine et al., 2003; Jaattela et al., 2004). Cells were treated or not with hydrogen peroxide for 0 to
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2 h and at designated time were pre-loaded with the fluorescent dye AO and immediately observed
under the microscope. AQ 15 a lysosomotropic and metachrematic fluorophore that emits red
fluorescence once it is protonated i acidic compartments. In control cells. AO flucrescence
appeared as definite and intense red spots, indicative of acid organelles staming. whereas in cells
exposed to hydrogen peroxide AQ staining appeared weak, diffuse and yellow/green-like colored
mdicating cytoselic localizatien (Figure 1D). This staining feature was evident already affer 10 mun
of incubation with hydrogen peroxide and the number of cells showing it increased with tume of
wmcubation. The present observations suggest that hydrogen peroxide cytotoxicity 1n neuronal cells
first involves the lysosomes, followed by damage of mitochondria and eventually leads o cell
death. The following experiments are aimed to assess and prove this sequence and to define the

molecular actors linking this cascade of events.

Chelation of lysosomal free iron prevents lysosome and mitochondria permeabilization and
protects from hvdrogen peroxide-induced cell death

It has been suggested that transient pores in the lysosomal membrane arise from hydroxyl radicals-
induced lipid peroxidation These oxidoradicals are generated within lysosomes in the presence of
hydrogen peroxide by iron-catalyzed Fenton reaction (Graf et al. 1984; Brunk et al. 1995)
Desferrioxamine (DFO), a Fe'"-chelator that accumulates within the lysosomal compartment by
endocytosis, has been shown to protect lysosomes from oxidant-induced damage (Laub et al., 1985;
Ollinger and Brunk, 1995; Cable and Lloyde, 1999; Persson et al., 2003). We assaved the ability of
DFO to prevent lysosome destabilization and occurrence of apoptosis associated with hydrogen
peroxide treatment mn SH-5Y3Y cells. Cells were exposed to hydrogen peroxide for 2 h in the
absence or the presence of DFO. then loaded with AOD and observed under the fluorescence
micrescope. Images in Figure 2A show that DFO effectively protected lysosomes from hydrogen
peroxide damage, as demonstrated by the fact that AO fluorescence while weak and diffuse in

hydrogen peroxide-treated cells, appears red-infense and punctuate, like in controls, in cells that had
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been treated in the presence of DFO. We then checked whether such protection extended to
mitochondria. A parallel set of cells, treated as above, were fluorescently stained for nuclei with
DAPI and for mitochondria with mitotracker. DAPT staining gives information about the state of
chromatin, whether condensed and fragmented (as occurs in apopotic cells) or not. Mitotracker
staining gives information about the integrity of the mitochondrial membranes. Donble-staining
allowed to assess the morphological state of mitochondria in parallel with the healthy state of cells.
In hydrogen peroxide-treated cultures, cells in which chromatin appeared condensed and
fragmented showed a diffise and weak staining with mitotracker, indicating that in apoptotic cells
the integrity of mitochondria was disrupted (Figure 2B). These staining features were not apparent
1n treated cultures 1n which DFO was present. In this case, in fact, chromatin and mitochondria
appeared intact as also observed in centrol cultures. We finally checked whether such protection on
organelles integrity by DFO reflected on preservation of cell wviability. For this purpose, cell
monolayers were treated with hydrogen peroxide in the absence or the presence of DFO and at the
end of incubation (2 h) adherent vital cells were counted. As shown in Figure 2C, DFO afforded
complete protection from hydrogen peroxide-induced cell loss. To further substantiate the capability
of DFO to prevent neuronal cell death by hydrogen peroxide, we quantified by cyviofluorometry the
cell population with a hypediploid content of DNA (so-called “subGl peak’) corresponding to
apoptotic cells. Cytofluorograms in Figure 2D confirm that DFO effectively protects from hydrogen

peroxide-induced apoptosis in neuronal cells.

Hydrogen peroxide triggers the intrinsic pathway of caspase activation: inhibition by
Pepstatin A, not by CA07T4Me

We searched for a functional link between lysosome leakage, mitochondrial dysfunction and cell
death by hydrogen peroxide. The intrinsic pathway of apoptosis is initiated by alteration of outer
mitochondrial membrane with release of pro-apoptotic factors that promote the activation of pro-

caspase 9 and, eventually, lead to the activation of pro-caspase 3 {Danial and Korsemeyer, 2004).

10
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Lysosomal cathepsins B and D (CB, CD) have been shown able to initiate the infrinsic pathway by
promoting the insertion of proteins of the Bel? superfamily into the outer mitochondrial membrane
resulting in the formation of fransient pores {Stoka et al.. 2001; Bidere et al., 2003; Heinrich et al.,
2004). We reasoned that CB and CD could have leaked out from permeabilized lysosomes and thus
triggered the mitochondrial events of the intrinsic apoptotic pathway. To assess the possible
involvement of CB and/or CD in hydrogen peroxide-induced mitochondrial permeabilization we
emploved two specific inhibitors of these proteases, namely CAQ74Me for CB and Pepstatin A (Pst)
for CD. SH-SYSY cells were treated with hydrogen peroxide in the absence or the presence of
either inhibitor and then double-labeled with DAPI and mitotracker as above. As previously seen
(Figures 1C and 2B), hydrogen peroxide-induced apoptosis (as shown by chromatin alterations) was
associated with mitechondnal permeabilization (Figure 3A). However, the staiming features of both
chromatin and nutochondna were similar to controls in cultures treated with hydrogen peroxide i
the presence of Pst; CAQ74Me, by contrary, did not prevent the chromatin alterations nor the
mitechondrial membrane destabilization induced by hvdrogen peroxide (Figure 3A). We then
investigated whether the protective effects of Pst were epiphenomenal or causally linked to
neuronal cell fate. Caspase 3-mediated hvdrolysis of poly(ADP-ribose) polymerase, an enzyme
involved in DNA repair, results in the accumulation of nicked DNA in nuclei of apoptotic cells that
can be evidenced with the TUNEL technique. We fluorescently stained the nuclei of SH-SY5T
cells by TUNEL in control and treated cultures. In parallel cultures we also added Pst or CAQ74Me
to assess the direct involvement of CD or CB, respectively, in caspase 3-dependent cell death. As
expected in case of true apoptosis, neuronal cells exposed to hydrogen peroxide showed TUNEL
positive (Figure 3B). CA074Me did not avoid caspase 3-dependent accumulation of DNA damage
induced by hydrogen peroxide, as demonstrated by positive TUNEL staining (Figure 3B). However,
when hydrogen peroxide treatment was performed in the presence of Pst the cell monolaver
appeared well preserved and no nucleus stained for TUNEL (Figure 3B), indicating that in these

cells caspase 3 was not operative. To have an objective estimation of the inhibitory effect of Pst on

1
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the caspase-dependent pathway of cell death, we measured the potential to cleave a fluorogenic
peptide substrate of different caspases by cell homogenates of cultures treated or not with hydrogen
peroxide 1n the absence or the presence of this inhibitor. Data shown in Figure 3C imndicate that
activation of caspases occurs in cells treated with hydrogen peroxide, wef this activation does not
occur if Pst is present. Thus, pharmacological inhibition of CD, not of CB, prevented mitochondrial
membrane permeabilization, caspase activation and TUNEL-positive cell death. The present data
further confirm that in hydrogen peroxide-treated neuronal cells activation of the CD-mediated

proteolytic pathway precedes that of the caspase cascade.

Neuronal cell death by hvdrogen peroxide is strictly CD-dependent

Next, we verified that CD activity was indeed indispensable for hydrogen peroxide-induced cell
death in SH-5Y35Y neuronal cells. As shown in Figure 4A, in cultures exposed to hydrogen
peroxide along with Pst cell loss from the menolayer was largely suppressed. Pst also prevented the
externalization of phospatidylserine on plasma-membrane of neuronal cells exposed to hydrogen
peroxide, as tested by labeling with Annexin-V-FITC (Figure 4B). Pst is known to mnhibit not only
CD but also cathepsin E, another aspartic protease found in endosomes and lysosomes of neuronal
cells (Nakamshi et al, 1997). To definitely prove the active role of CD in the death pathway
activated by hydrogen peroxide we specifically down-regulated the expression of this protease by
transient transfection with an siRINA 21-mer duplex. Negative controls consisted of cells transfected
with an inefficient siRNA not targeting CD mBENA (control duplex). The extent of CD down-
regulation was monitored by assayving the proteclytic activity at acid pH on flucrogenic substrate
and by immunoblotting determunation of CD protein level (Figure 4C). At the time of treatment in
siRNA-transfected cells CD activity was almost completely absent and CD protein level,
normalized against tubulin protein level, was down-regulated by =85% (densitometry average of
three independent experiments). A parallel set of cultures was used to estimate cell wvitality.

Transfection m 1tself was not harmful, as cell viability in control duplex-transfected cultures was
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not dissimilar from that reported in non-transfected cultures (not shown). In siENA-transfected
cultures toxicity by hydrogen peroxide was negligible, the number of adherent viable cells being
almost similar to that of control cultures (not shown). Cytofluorometric analysis of annexin V-
labeled cells indicated that protection by CD-siBINA agamst hydrogen peroxide cytotoxicity was
practically complete and effective in the early phase of apoptosis (Figure 4D). The fact that Pst and
siRNA elicited the same protective effect mles out the involvement of any aspartic protease other

than CD in hydrogen peroxide cytotoxicity.

CD is needed for Ivsosomal permeabilization by hydrogen peroxide

CD 15 normally confined within endosomal-lysosomal organelles, vet 1t has been shown to relocate
into the cytosel under cytofoxic circumstances associated with lysosome leakage (e.g., Roberg et
al, 1990: Bidere et al, 2003), which can explain its ability to activate the intrinsic apoptosis
pathway. We venfied by immunofluorescence that cytosolic relocatton of CD also occurred m
dying neuronal cells exposed to hydrogen peroxide. The images in Figure 5A show in control cells
a definite and punctuate pattern of CD staining as expected for a protein confined within the
lysosomal organelles, whereas in suffering cells exposed to hydrogen peroxide CD staining appears
diffuse throughout the cytoplasm, indicating cytosolic spread-out of the protein. We finally focused
on the possible involvement of cathepsin-mediated proteolysis in hydrogen peroxide-induced
damage of lysosomal membrane. To this end, intralysosomal cathepsins were inhabited by either
CAD74Me or Pst in cells exposed to hydrogen peroxide and lysosome integrity was monitored by
AQ retention. As shown in Figure 5B, Pst, not CA074Me, prevented leakage of AD from Iyvsosomes
in hydrogen peroxide-treated cells, indicating the possible participation of CD in the formation of
micropores in the lysosomal membrane. As this was somehow unexpected, we used a genetic and
more specific approach to ascertain the active involvement of CD in hydrogen peroxide-induced
lysosome permeabilization. For this purpose, we repeated the observation in cells in which the CD

gene had been post-translationally silenced by specific siRNA transfection. Again, it was found that
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AQ fluorescence, which appeared as intense red spots in control cells, was instead of yellow-green
color and diffused in the cyvtoplasm in hvdrogen peroxide-treated cells (Figure 5C). However, in
cells that had been transfected with a specific CD siENA the organule-like pattern of AO
fluorescence resembled that in control cells, whether or not treated with hydrogen peroxide. This
data strongly supports the hypothesis that lysosome membrane permeabilization requires both a

lipid peroxidation and a CD-mediated proteolysis events.

DISCUSSION

Hydrogen peroxide 1s the most abundant and highly diffusible oxidant specie generated within the
CNS. Hydrogen peroxide 1s a physiological product of the metabolism in newrons (Smith et al.,
2002) and its production 1s increased upon stimulation by neurotransmitters and also under 1schemic
conditions (Thakar and Hassan, 1988; Langeveld et al., 1995; Hyslop et al., 1993). Hydrogen
peroxide has a relative short half-life, being almost completely metabolized within 30 min
(Hampton and Orrenius, 1997; Persson et al., 2003). Hvdrogen peroxide freely crosses membranes
and accumulates within organelles such as mutochondna and lysosomes. The latter are of particular
interest for the catabolism of hydrogen peroxide. In these organelles, in fact, free Fe® rapidly
catalyzes the conversion of hydrogen peroxide molecules into free hvdroxyl radicals as dictated by
the Fenton chemstry (Graf et al., 1984). Lysosomes degrade many 1ron-contamming macromolecules
(mitochondrial cytochromes, fernitin,d eic) and therefore 1s probably the biggest reservoir of
chelatable Fe*~, also because of its acid and cysteine-rich reducing environment (Brun and Brunk.
1970; Zdolsek et al., 1993). As a consequence, lysosomes are highly vulnerable to oxidative stress
and associated lipid peroxidation of the membrane (Ollinger and Brunk, 1995; Brunk et al., 1993;
2001). In this study we examined the involvement of a lysosome signaling pathway in the cytotoxic
mechanism of hydrogen peroxide in SH-SY35Y neuronal-like cells. Oxidants induce cell death by
both apoptosis and necrosis, depending on the concentration of free oxidoradicals (Dypbulkt et al.,

1904). We have assessed time- and concenfration-conditions of hydrogen peroxide treatment that
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lead SH-SY5Y cells to non-necrotic cell death. SH-SY3Y cultures exposed to 200 pM hydrogen
perexide showed about 50 % cell loss after 2 h of incubation. We found that free-radical-induced
lysosome membrane destabilization is an early and indispensable event in the lethal cascade
activated by hydrogen peroxide in neuronal cells. Lysosome permeabilization and cell death by
hydrogen peroxide were in fact completely prevented by DFO, an iron chelator that localizes almost
exclusively within the lysosomal compartment (Ollinger and Brunk, 1995; Laub et al., 1985; Cable
and Lloyde, 1999). Free radicals-associated injury provoked leakage of CD from lysosomes. Likely,
other lysosomal hydrolases, including cathepsins B and L, leaked out from destabilized lysosomes
in hydrogen peroxide-treated cells. Both CD and CB have been shown able to mediate programmed
cell death by a vanety of death simuli (Deiss et al., 1996; Guicciard: et al., 2000; Démoz et al.,
2002; Bova et al., 2003; Bidere et al., 2003). However, studies with cathepsin specific inlubitors
and siENA demonstrated that CD, not CB, was responsible for the activation of the intrinsic
pathway of caspase activation in neuronal cells exposed to hydrogen peroxide. These data are in
agreement with other reports showing the cytosolic relocation of CD and 1its direct imnvolvement m
mitechondrial permeabilization in fibroblasts, cardiomyocytes and macrophages subjected to
oxidative stress (Roberg et al.,, 1999; Roberg and Ollinger, 1998; Persson et al., 2003). Apoptosis
intrinsic pathway proceeds via permeabilization of the outer mitochondrial membrane and release of
pro-apoptotic molecules that activate the caspase cascade and ends up with characteristic alterations
of the chromatin that manifest as condensation and fragmentations (evidenced by DAPI staining),
nicked DNA (evidenced by TUNEL staining) and hvpodiploid content of DNA (evidenced as
subGl peak). An early morphological hallmark of apoptosis is the externalization of
phospatidylserine on plasma-membrane that can be evidenced by annexin-V labeling. We found
that either Pst and CD-s1BINA not only preserved the monelayer from hydrogen peroxide
cytotoxicity, but also prevented all the above typical featres of apoptosis (Figure @), indicating that
CD proteolysis is an up-stream effector of the hydrogen peroxide cytotoxic mechanism in neuronal

cells. How CD can affect mitochondrial integrity and start the apoptosis pathway off is now
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becoming clear. CD has been shown able to interact with both Bax and Bid, promoting their post-
translational modification and subsequent insertion on the outer membrane of mitochondria (Bidere
et al., 2003; Heinrich et al., 2004). What remains elusive is how the lysosomal enzyme crosses the
lysosomal membrane and localizes in the cvtosol in apoptotic cells. Several mechanisms have been
proposed to explain the transient formation of micropores in the membrane of lysosomes under
cytotoxic stress. Iron-catalvzed ROS generation within the lysosome is surely an important factor
contributing to lipid peroxidation and lysesome membrane damage (Brunk et al., 1995; Antunes et
al, 2001; Persson et al. 2003). In addition, infralysosome accumulation of sphingosine can
determine membrane permeabilization via a detergent mechanism (Kakedal et al, 2001). More
recently, it has been shown that overexpression of Bel2, which is known to opposite the release of
cytochrome ¢ from mitochondria, also prevents lysosomal membrane permeabilization (Zhao et al.,
2000). On the other hand, truncated Bid was found essential to allow cytosolic relocation of CB
from lysosomes (Wermeburg et al., 2004). Similarly, Bax has been suggested as a crucial mediator
of cytoselic relocation of CD from lysosomes in fibroblasts treated with staurosporine (Kakedal et
al., 2005). Thus, it appears that lysosomes and mitochondria share the same mechanisms that
regulate the permeabilization of their membrane . Here we show that pharmacelegical mhibition
of CD or post-translational down-regulation of its expression largely prevented occurrence of
lysosome leakage in cells exposed to hydrogen peroxide, a protection shown also by DFO. The fact
that Pst and siRINA elicited the same protective effect rules out the involvement of any aspartic
protease other than CD in hydrogen peroxide cytotoxicity and permits to exclude that protection by
Pst could be attributed to the hydroxyl-scavenger properties of dimethylsulfoxide (Rao et al., 1988),
in which Pst was dissolved. Thus, our data suggest that formation of transient micropores in
lysosemal membrane requires two actions: a ROS-induced peroxidation of membrane lipids and a
CD-mediated proteclytic event. As vet, the substrate of this proteclysis is not known though Bid or
Bax, which have been found associated with the membrane of acid organelles (Heinrich et al., 2004,

Kakedal et al., 2003) are obvious potential candidates. On the whole, the present data support the
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need for developing new lysosome-targeted antioxidant drugs and for designing genefic or
pharmacological strategies aimed to abrogate CD activity as additional therapeutical tools for the

treatment of neurcdegenerative diseases associated with RO5-induced lysosome mipture.
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FIGURE LEGENDS

Figure 1. Peroxide-induced cell death is preceded by lysosomal leakage. (A) The cells were
incubated for 2 h with 200 pM of hvdrogen peroxide (perox). At the end of treatment living cells
were counted. Data represent the mean + SD of three independent experiments in triplicate. (B)
AnnexinV-FITC and PI staining in cells treated or not with hydrogen peroxide for 2 h. The
percentage of positivity for annexin V-FITC and PI is indicated. Data are representative of three
independent experiments. (C) Cells were stamed with the mitochondria-affine rhodamine
fluorochrome. Diffise red fluorescence in cells exposed for 2 h to hydrogen peroxide is indicative
of mitochondria permeabilization. (D)) Cells incubated with hydrogen peroxide for 30 min and then
stamned with the lysesomotropic AO fluorochrome. Intense red fluorescent spots are indicative of
intralyvsosomal retention of AD. After hvdrogen peroxide incubation cells show a vellow-green like
fluorescence indicative of cytosolic diffusion of the fluorochrome. Images in (C) and (D) are
representative of four independent experiments.

Figure 2. The iron chelator desferrioxamine prevents hydrogen peroxide cvtotoxicity, Cells
incubated with hvdrogen peroxide (perox, 2 h) in the absence or the presence of desferrioxamine
(DFO, 1 mM; added 3 h prior to the treatment). (A) Cells stained with the lysosomotropic AO
fluorochrome. DFO  prevents hydrogen peroxide-induced lysosome leakage Images are
representative of four independent experiments. (B) Cells double-stained for chromatin with DAPT
(blue fluorescence) and for mitochondria with mitotracker (red fluorescence). Weak and diffuse
mitotracker staining is visible in hydrogen peroxide-treated cells with picnotic nuclei and condensed
and fragmented chromatin. This staining pattern is not observed in cells treated in the presence of
DFO. Images in {A) and (B) are representative of four separate experiments. (C) Cells were plated
on dishes and treated as above. At the end of treatments adherent living (trypan blue-excluding)
cells were counted. Data represent the mean = 5D of three independent experiments in triplicate.

(D) Cells treated as in (C) were collected and stained with PI for cytofluorometric analysis of the
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hypodipleid (SubGl) population. Representative cytofluorograms (out of three independent
experiments) are shown (the percentage of SubG1 positive cells is indicated).

Figure 3. Pharmacological inhibition of CD, not of CB, prevents hydrogen peroxide-induced
activation of intrinsic caspase-dependent apoptosis. (A) Cells on coverslips were exposed or not
to hydrogen peroxide (perox, 2 h) in the absence or the presence of the CB inhibitor CA074Me or
the CD inhibitor (Pst). At the end of incubation, cells were double-stained for chromatin with DAPT
{blu fluorescence) and for mitochondria with mitotracker (red fluorescence). Protection from
mitochondria permeabilization (as tested by mifotracker retention) by hydrogen peroxide is
observed cnly when Pst 1s present. (B) Cells treated as in {A) and TUNEL-stained to evidence the
occurrence of caspase 3-mediate apoptosis. Pst. not CAOT4Me, prevented TUNEL-positive staining
induced by hydrogen peroxide treatment. (C) Total caspase activity was measured in cell
homogenates by employving a fluorogenic substrate. A 2.8-fold increase of caspase activity was
reported in cells treated with hydrogen peroxide (perox) for 2 h This increase was largely
suppressed in cells treated with hydrogen peroxide in the presence of Pst. Data are the means of twao
separate experiments in double.

Figure 4. Hydrogen peroxide cytotoxicity requires CD activity. (A) Adherent SH-SY3Y cultures
were exposed or not to 200 M hydrogen peroxide for 2 h. In parallel cultures Pst was added 12 h
before and was present throughout the incubation with hydrogen peroxide. At the end of treatments
living trypan blue-excluding cells were counted. Data represent the mean + 5D of three independent
experiments in triplicate. (B) Externalization of phosphatidylserine, an early apoptotic event, was
assayed by AnnexinV-FITC staining of cells treated as in {A) and analyzed by cytofluorometry. The
percentage of positivity 1s indicated. (C) Post-translational silencing of CD expression by siENA as
tested by CD activity assay and immuncblotting of CD mature peptide. Cultures were un-
transfected (Control, Co) or transfected in two rounds with either a control duplex or a specific CD
siENA and CD expression evaluated at 48 h (after the first round of transfection) and at 96 h (ie.,

48 h after the second round of transfection). Complete down-regulation of CD activity was achieved
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at 96 h. The expression level of the double-chain matre CD resident in lysosomes (only the large
chain of 34 kDa is visible on gel) was assessed by immunoblotting. The filter was stripped and re-
probed with an anti-tubulin antibody to reveal the protein sample loading. (D) Adherent cultures
transfected as in (C) were exposed or not to hydrogen peroxide and apoptosis evaluated by
cytofluorometry in cells stained with annexin V-FITC. Data demonstrate that abolishing CD
expression renders the cells resistant to hydrogen peroxide toxicity. The cytofluorograms shown in
panels B and D are representative of three independent experiments.

Figure 5. Lysosome permeabilization by hyvdrogen peroxide is CD-dependent. (A)
Immunofluorescence staining of CD (red) and cytoskeletal tubulin (green) in control and hydrogen
peroxide-treated cells grown on coverslips. Differently from controls, treated cells show a diffuse
cytosolic staining of CD. (B) Cells adherent on coverslips were exposed or not fo hydrogen
peroxide under conditions in which either CB or CD had been inhibited with CAQ74Me or Pst,
respectively. Cells were then labeled with AO and immediately observed under the fluorescence
microscope. Intense red fluorescent spots are indicative of infralvsosomal retention of AQ. Leakage
of AD from lysosomes (as indicated by weak and cytoplasm diffuse vellow-green fluorescence)
occurs in hyvdrogen peroxide-treated cells. Pst, not CAQ74Me, prevents this effect. (C) Cells
transfected as described in the legend to Figure 4 were exposed to hydrogen peroxide and lysosome
integrity was assessed by testing AO retention. The images demonstrate that siRINA-mediate down-
regulation of CD expression protects the lysosomes from hydrogen peroxide-induced damage.
Images are representative of four independent experiments

Figure 6. Interpretative scheme of the results. Hydrogen peroxide leads to intralysosomal
generation of hydroxyl radicals (via Fenton reaction) that cause lipid peroxidation of lysosome
membrane and consequent lysosome leakage. DFO, an intralysosomal Fe' -chelator. avoids
generation of ROS and lvsosome leakage. Cytosolic relocation of CD triggers the intrinsic
apoptosis pathway characterized by the following steps: permeabilization of mitochondria,

activation of caspases and appearance of annexin V-positive and TUNEL-positive cell death.
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Inhibition or down-regulation of CD blocks this pathway at crucial steps: it suppresses the

formation of transient mucropores in lysesomal membrane

mitochondria.
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tirata indietro per un aiuto, un consiglio e un footo amichevole), Marzia (anche se
non lavori piu con noi), Claudia (sempre prontausdconsiglio schietto e sincero),
Natascia (la mia bambina), Deb (abbiamo condivisieme questa bella esperienza) e
Carlo (per le infinite discussioni scientifichepgr aver condiviso con me non solo i

momenti di lavoro ma anche tante serate Novaresi;

-tutti gli amici del Dipartimento di Scienze Medehper un sorriso sincero e per una
scatola di fiasche finita all'improvviso.....

-gli amici di Bristol, Steph (e non solo per avermi insegnato a fareirusv

ricombinanti....), Song (per le birre e i wine tespd lunghissime giornate di lavoro!!),
Sab e Hide (siete fantastici), Jing (per aver gadito anche le giornate piu buie!), Mo
(per i microarray, la cheese cake e molto altroCharlie, Fra (una parola “italiana” mi

e sempre stata di grande aiuto!), Chuti e tuttaghi..... ho trascorso con voi momenti

-Eli, Dani, Lori, Mari e Ale.... e solo voi sapete il perché, e ovviamentero loari

fidanzati per avermele “cedute” proprio quando avew’ bisogno di loro!!

-e, infine, un grazie davvero speciale alla miaratdpofamiglia, la mia nonna a cui forse

avrei potuto dedicare piu tempo, Mucci, Pio e Mimmi
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