UNIVERSITA
DEGLI STUDI
DI PADOVA

Universita degli Studi di Padova

Dipartimento di Scienze Biomediche Sperimentali

SCUOLA DI DOTTORATO DI RICERCA IN BIOSCIENZE
INDIRIZZO BIOLOGIA CELLULARE
CICLO XXII

CHANGES IN MITOCHONDRIAL CRISTAE STRUCTURE DETERMINE CELL VIABILITY

IN MODELS OF HUNTINGTON’S DISEASE

Direttore della Scuola : Ch.mo Prof. Tullio Pozzan
Coordinatore d’indirizzo: Ch.mo Prof. Cesare Montecucco

Supervisore :Ch.mo Prof. Luca Scorrano

Dottorando : Veronica Costa






Table of contents

1 Riassunto dell’attivita SVOIta............c.coiiiiiiii s 3
AU {1 0] 0 =T Y TSRS TPR 9
G 11 o To (W ox 1o o 1SRRI 15
G700 |V 1 (ool s To ] o |- NSRRI 15
3.1.1 The metabolic role of MItOChONIIA............ccoiiiiiie s 16
3.1.2 Mitochondrial DIOgENESIS .........cccueiiiiiiiiee et 17
3.1.3 Mitochondrial URFaSIIUCTUIE.........cc.eiiiiieie et 19
3.1.4 Mitochondrial movement and tranSPOIT..........cccoeeiiiiniiisieee e 21
3.2 Mitochondria shape and dYNAMICS..........cccoiiiiiiiieiee e 22
3.2.1 Mitochondria-shaping ProteiNS ........cccooiiiiiriniieieese e 23
3.2.1.1 Proteins involved in mitochondrial fuSion .............ccooviviiiiiniies s 24
3.2.1.1.1 FZO/ MITOTUSIN=1,-2 ..o ettt ettt e st 24
3.2.1.1.2 Mgm1p/ MSPLP/OPAL ..ot 25
3.2.1.2 Proteins involved in mitochondrial fiSSION..........cccccooviiiiiiiii s 26
3.2.1.2.1 DNMLP/DIPLIDIPL oottt sre e 26
3.2.1.2.2 FISIP/NFISL. ..o 26

3.2, 1.2 .3 M ens 27
3.2.1.2.4 ENdOPhilin DL ...oooiiieeceeee e 27
B2 L. 2.5 MIPLS ...t re s 28

3.2.2 Mechanisms of mitochondrial fusion and fiSSION ...........c.cccceeeviinii i 28
3.2.2.1 Regulation Of fISSION........c.ccoviiiiieiicce e 30
3.2.2.1.1 Phosphorylation of DRPL .........ccccociiiiiiiii e 30
3.2.2.1.2 SumOoylation Of DRPL .........cooiiiiiiiieie s 31
3.2.2.1.3 Ubiquitinylation of DRP1 and MFNs: MARCH V... 31
3.2.2.2 Regulation Of fUSION ..........ccoeeiiiiiiiice e 32
3.2.2.2.1 PhoSPNOlPASE D ...ttt 33
3.2.2.2.2 Mitofusin Binding Protein .........cooeiiiiiieniieseseseeee s 33
3.2.2.2.3 Degradation of MItofUuSINS ............ccceiiiiiiii e 33
3.2.2.2.4 BAX and BAK and mitochondrial morphogenesis ............ccccceevveieennene 34
3.2.2.2.5 OPAL PrOCESSING ....eeuveieiiieisiisiieieeiieee ettt sae et ens 34

G I Y 0T o] (0 1] £ TSSO ORS R 37
3.3.1 Mitochondrial involvement in aPOPLOSIS ........ccoveieierereie i 38
3.3.2 Mitochondrial network morphology and apoptosSIS ...........cuerireierene e 40
3.3.3 Apoptotic cristae remodelling and cytochrome ¢ mobilization.................c......... 40
3.3.3.1 Factors that affect the shape Of CrStae...........ccocevvviiinieiiiii s 41
3.3.3.1.1 The role of OPAL in cristae remodelling .........ccccoovieiinininnieniieene 42

3.4 Mitochondrial dynamics and neurodegeneration ............c.ccocovririnienenenesesesesieans 43
3.4.1 Mitochondrial dynamicCs iN NEUIONS ...........cooiiiiieiie et 44
3.4.2 Mutations in mitochondria-shaping proteins and neurodegeneration............... 45
3.4.2.1.0PAL ANA ADOA ...ttt 45
3.4.2.2 Mfn2 and Charcot-Marie TOOth type 2A ... 46
I I o PSSP PRRPRPR 47



3.4.3 Mitochondria morphology in common neurodegenerative diseases: the case

Of ParkinSON’s DISEASE ........cccuiiiiiiiii e 48
3.5 HUNINGION'S DISEASE ......cueeiicieiiee ettt 49
3.5.1 Genetics of HUNtington’s diS€ase ..........cccceceeiieic e 50
3.5.2 Symptoms and clinical fEAtUIES ...........cceiiiiiiiiee e 50
3.5.3 HUNTINGLIN PrOTEIN ....uiiiiiiicee e 51
3.5.4 Models for Huntington’s DiSEASE .........ccccveiiiii i 52
3.5.5 Pathological MeChaNISMS ... 53
3.5.5.1 Proteolytic cleavage of mutant huntingtin ..., 53
3.5.5.2 Aggregate formation: a toxic or protective event?.........c.ccecvvveviveievinerenn, 54
3.5.5.3 Clearance of mutant huntingtin: inhibition of the proteasome and
INAUCEION OF AULOPNAGY ....cvveneieieere e 54
3.5.5.4 Transcriptional deregulation..............ccccccevveiiiieiieie e 55
3.5.5.5 Alterations of intracellular trafficking ..........ccccooevveiiiiiiicccce e 56
3.5.5.6 EXCILOTOXICILY .....cveiiieiieiieieesie sttt 56
3.6 Mitochondria in HUNtiNGtON'S DISEASE........c.coiiiiiiiiirerieeee s 57
3.6.1 MetaboliC DEFECES ....ocviiieice e enes 57
GBI Y o To ] o] (01 1 TSP 59
3.6.3 OXIAALIVE SITESS ....viiuieiieiieiiie ittt ettt bbbt n e es 61
3.6.4 Deregulation of calcium hOMEOSIASIS .......cccoeiiririiiiieeeee e 62
3.6.5 Alterations in mitochondrial MOVEMENT...........ccoviiiiieie i 63
3.6.6 Mitochondrial morphology and ultrastructure ............cccccceevveveiiiecie e 64
4 RESUIES ...ttt bRt bbbt Re b et e e e 67
5 ConClusion and PersSPECHIVES.........ccoiiiiiiiiieie e 143
B RETEIENCE liSt...oiiiiiiiii et e e e e e e e s e e 145



1 Riassunto dell’attivita svolta

| mitocondri sono organelli esseziali nella vita della cellula: essi rappresentano la
maggiore fonte di ATP (Danial et al., 2003) e regolano importanti vie di trasduzione del
segnale, dall'omeostasi del Ca** (Rizzuto et al., 2000) all’apoptosi.

In seguito ad uno stimolo apoptotico i mitocondri rilasciano citocromo c e altre proteine
solubili nello spazio intermembrana che sono necessarie, nel citoplasma, per
I'attivazione e 'amplificazione della cascata del segnale che porta al disassemblamento
della cellula. La maggior parte del citocromo ¢ e dei componenti della fosforilazione
ossidativa sono localizzati all'interno delle cristae. Grazie ai notevoli sviluppi della
microscopia elettronica associata a ricostruzione tridimensionale il modello di
ultrastruttura dei mitocondri € stato recentemente rivoluzionato; le cristae, dapprima
identificate come semplici invaginazioni della membrana mitocondriale interna (IMM)
(Palade, 1952), risultano essere compartimenti distinti di IMM, separati dallo spazio
intermembrana da giunzioni tubulari strette definite cristae junctions (Mannella et al.,
1994). Durante I'apoptosi, per garantire un completo rilascio di citocromo c le singole
cristae si fondono tra loro e le giunzioni tubulari strette si allargano: questo processo,
noto con il nome di cristae remodelling, & associato alla mobilizzazione del citocromo ¢
dal compartimento intracristale allo spazio intermembrana, evento necessario per il suo
successivo rilascio attraverso la membrana mitocondriale esterna (Scorrano et al.,
2002). Il rimodellamento ultrastrutturale €& accompagnato da una massiva
frammentazione del reticolo mitocondriale.

La forma del reticolo mitocondriale &€ determinata dall’equilibrio tra eventi di fusione e
fissione, controllati da numerose proteine tra cui le GTPasi simili a dinamine. In cellule
di mammifero, la fusione mitocondriale e controllata dalle proteine mitofusina-1 (MFN1)
e mitofusina-2 (MFN2) nella membrana esterna e da OPAl nella membrana
mitocondriale interna (Olichon et al., 2002). Nel nostro laboratorio & stato dimostrato
che OPA1 promuove la fusione dei mitocondri solo in presenza di mitofusina 1 (Cipolat
et al., 2004). La fissione richiede il passaggio aggiuntivo della traslocazione della
proteina Drpl dal citosol ai mitocondri, dove si ancora a hFisl, il suo adattatore
molecolare nella OMM. L’oligomerizzazione di Drp1 fornisce la forza meccanica per
costringere le membrane mitocondriali fino alla frammentazione dell’organello (Hinshaw

et al., 1999; Smirnova et al., 2001). La traslocazione di Drpl ai mitocondri dipende dalla



sua defosforilazione ad opera della fosfatasi calcineurina e di altre fosfatasi (Cereghetti
et al., 2008).

Un crescente numero di evidenze sperimentali suggerisce che le proteine che regolano
la morfologia dei mitocondri giochino un ruolo nella morte cellulare. Nel nostro
laboratorio & stato recentemente dimostrato che OPA1 protegge dall’apoptosi
prevenendo il rilascio di citocromo ¢ in maniera indipendente dal suo ruolo profusogeno.
OPA1 agisce controllando il processo di rimodellamento delle cristae e mantiene strette
le giunzioni delle cristae attraverso la formazione di oligomeri, costituiti da una forma
solubile localizzata nello spazio intermembrana e una forma integrale della IMM (Frezza
et al., 2006; Cipolat et al., 2006). Inoltre, numerosi lavori hanno dimostrato che
I'espressione di un mutante dominante negativo di Drp1 €& in grado di prevenire la
frammentazione mitocondriale, il rilascio di citocromo c e la morte cellulare indotti da
stimoli apoptotici intrinseci (Frank et al., 2001). E’ interessante notare che Drpl sembra
regolare in modo specifico il rilascio di citocromo ¢ suggerendo una sua capacita di
regolare la sub compartimentalizzazione mitocondriale di questo fattore pro-apoptotico
(Parone et al., 2006).

Lo scopo della mia tesi € stato quello di studiare il ruolo della frammentazione
mitocondriale regolata da calcineurina nella morte cellulare e nella patogenesi della
Corea di Huntington.

Recentemente, nel nostro laboratorio € stato dimostrato che la depolarizzazione
mitocondriale causa l'attivazione della fosfatasi citosolica calcineurina. Calcineurina
defosforila Drpl in corrispondenza del residuo di serina 637, stimolandone la
traslocazione ai mitocondri e causando la frammentazione degli organelli (Cereghetti et
al., 2008). Allo scopo di caratterizzare limportanza di questa via del segnale
nell’apoptosi abbiamo focalizzato la nostra attenzione su un nuovo specifico inibitore di
calcineurina: il peptide PPD1, che corrisponde al dominio peptidilprolil isomerasico della
immunofilina FKBP52. PPD1 é codificato geneticamente e quindi risulta essere piu
stabile degli inibitori farmacologici. Attraverso esperimenti di immunoprecipitazione,
abbiamo dimostrato che PPD1 non influenza linterazione di Drp1 con il complesso
motore contenente la dineina, anch’esso coinvolto nella traslocazione di Drp1 ai
mitocondri. Un’analisi cinetica tramite microscopia confocale di cellule esprimenti una
variante spettrale della green fluorescent protein, la red fluorescent protein (mtRFP),
specificatamente diretta alla matrice mitocondriale, ci ha permesso di verificare che

I'espressione di PPD1 inibisce fortemente la frammentazione del reticolo indotta da
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depolarizzazione mitocondriale. Questo effetto puo essere attribuito alla riduzione di
traslocazione di Drp1 ai mitocondri. Abbiamo poi voluto controllare se l'inibizione della
frammentazione esercitata da PPD1 potesse interferire con I'apoptosi. A questo scopo
abbiamo analizzato la cinetica della morte cellulare indotta da stimoli apoptotici
intrinseci. L’analisi ha rivelato che I'espressione di PPD1 & in grado di proteggere dalla
morte cellulare indotta da staurosporina, perossido di idrogeno, etoposide e
tapsigargina. Inoltre, un saggio clonogenico ha confermato I'effetto protettivo di PPD1,
poiché cellule esprimenti il peptide hanno dimostrato un’aumentata capacita di formare
colonie dopo il trattamento con staurosporina. Per capire se PPD1 potesse influenzare il
rilascio di citocromo ¢ abbiamo espresso la proteina mtRFP come marker mitocondriale
e abbiamo immunodecorato il citocromo ¢ con un anticorpo coniugato ad un fluoroforo
verde (FITC). L’'overespressione di PPD1 & in grado di prevenire il rilascio di citocromo
c in risposta alla staurosporina. Abbiamo poi voluto accertare se [inibizione
dell’apoptosi da parte di PPD1 dipendesse in modo specifico dalla sua azione sulla
proteina Drpl. A questo scopo e stato necessario escludere che I'effetto di PPD1 fosse
dovuto all’inibizione della fosforilazione di altri substrati di calcineurina coinvolti
nell’apoptosi, come il membro della famiglia di proteine Bcl2 BAD. Ci siamo quindi
avvalsi di un approccio genetico andando ad analizzare l'effetto di PPD1 sulla morte
cellulare in fibroblasti murini embrionali wt e ko per BAD. | nostri esperimenti hanno
dimostrato che BAD non & necessaria per l'effetto anitapoptotico di PPD1, poiché il
peptide protegge dalla morte cellulare anche cellule BAD ko. Inoltre, la co-espressione
di PPD1 e un mutante dominante negativo di DRP1 (DRP1%®*) non risulta in un effetto
di protezione aggiuntivo, indicando che le due proteine agiscono nella stessa via di
trasduzione del segnale. Questi dati rappresentano un’ulteriore conferma del ruolo
decisivo giocato dalla frammentazione mitocondriale e dai modulatori della morfologia
mitocondriale nell’apoptosi (Cereghetti, Costa et al., in revisione, Cell Death and
Differentiation).

Un crescente numero di studi dimostra che in condizioni patologiche caratterizzate da
aumentata apoptosi, come nelle patologie neurodegenerative, i mitocondri presentano
alterazioni della morfologia del reticolo e della loro ultrastruttura. In particolare, analisi di
microscopia elettronica di linfoblasti da pazienti affetti da Corea di Huntington hanno
evidenziato mitocondri con profonde alterazioni ultrastrutturali comparabili a quelle
osservate durante il processo di rimodellamento dell cristae. La Corea di Huntington é

una patologia neurodegenerativa genetica causata dalla anomala espansione di un
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dominio poliglutamminico nella proteina Huntingtin. La principale caratteristica clinica
della patologia € la perdita selettiva di neuroni GABA-ergici dello striatum che causa
I'insorgenza di disturbi motori e cognitivi. Abbiamo deciso di caratterizzare le alterazioni
morfologiche dei mitocondri e il loro effetto sulla morte cellulare in due diversi modelli
della malattia: linfoblasti immortalizzati isolati da pazienti e precursori di neuroni striatali
derivati da un modello murino transgenico avente una espansione delle ripetizioni CAG
nel gene endogeno per la proteina huntingtin. L'analisi tramite microscopia confocale di
cellule trasfettate con una proteina fluorescente gialla diretta ai mitocondri (mtYFP) ha
rivelato che le cellule aventi la mutazione presentavano un reticolo mitocondriale
frammentato se paragonate alle relative cellule di controllo. E importante notare che la
frammentazione é risultata essere piu evidente in linfoblasti da pazienti omozigoti che
da eterozigoti indicando una correlazione tra la severita del fenotipo e il genotipo.
Abbiamo poi controllato se il fenotipo morfologico potesse essere causato da alterazioni
nei livelli delle proteine che controllano la forma dei mitocondri. | nostri esperimenti non
hanno rivelato differenze nei livelli di espressione, ma abbiamo osservato che la
proteina Drpl era maggiormente associata ai mitocondri isolati da cellule di Huntington
che dalle wt. Inoltre, esperimenti di crosslinking hanno evidenziato una aumentata
oligomerizzazione di Drpl nelle cellule aventi la mutazione. Questi dati hanno suggerito
che l'eccessiva attivazione dell’apparato di fissione potesse essere la causa della
frammentazione osservata. Abbiamo inoltre riscontrato alterazioni nella abbondanza
relativa delle isoforme di OPAl allo stato stazionario e del loro processamento in
risposta a trattamento con staurosporina. Questo dato spinge ad ipotizzare un
potenziale meccanismo molecolare attraverso il quale Drpl possa regolare la struttura
delle cristae. Abbiamo poi cercato di correggere il fenotipo morfologico promuovendo la
fusione o inibendo la fissione dei mitocondri. L’overespressione di proteine profusogene
OPA1 e MFNL1 e di mutanti dominanti negativi di Drpl e di calcineurina é risultata nella
correzione del difetto morfologico. Il passo successivo & stato quello di indagare il
significato funzionale delle alterazioni osservate, in particolare nella morte cellulare.
Analisi tramite citofluorimetria condotta sui linfoblasti ha evidenziato una aumentata
sensibilita alla morte indotta da staurosporina in cellule da paziente. Il risultato é stato
confermato nel modello neuronale murino in cui e stato analizzato il processamento
della proteina PARP (poly ADP-ribose polymerase), un evento caratteristico
dell’apoptosi. L’overespressione di OPA1 e di DRP1**®” o il trattamento con linibitore

farmacologico di calcineurina FK506 ha riportato la sensibilita al’apoptosi in cellule di
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Huntington a livelli paragonabili a quelli delle cellule di controllo. Al contrario,
'overespressione di MFN1 non ha conferito protezione contro la morte cellulare,
suggerendo che la fusione mitocondriale per se non é sufficiente a contrastare gli
stimoli apoptotici. L'analisi della cinetica del rilascio di citocromo ¢ da mitocondri isolati
in risposta al trattamento con lo stimolo apoptotico cBID, attraverso l'uso di uno
specifico saggio ELISA, ha evidenziato che mitocondri da cellule di Huntington
rilasciano il citocromo c piu velocemente che i relativi controlli. Inoltre, esperimenti di
crosslinking hanno dimostrato che 'aumentato rilascio di citocromo ¢ correla con una
piu rapida distruzione degli oligomeri di OPA1. L’aumentato rimodellamento delle
cristae nei mitocondri da cellule aventi I'espansione poliglutamminica & stato
confermato attraverso analisi di microscopia elettronica in seguito a trattamento con
staurosporina. In cellule mutate il numero medio di cristae per mitocondrio allo stato
stazionario e risultato ridotto e le cristae risultano profondamente alterate e
riorganizzate dopo trattamento con lo stimolo apoptotico. L’overespressione di OPA1 e
di DRP1%** ha aumentato il numero di cristae correttamente strutturate e ha inibito il
loro rimodellamento durante I'apoptosi.

In conclusione, i dati presentati in questa tesi di dottorato mostrano che la regolazione
della frammentazione mitocondriale da parte dellasse calcineurina-DRP1 gioca un
ruolo cruciale nella progressione della cascata apoptotica. Abbiamo potuto dimostrare
che questa via & alterata nella Corea di Huntington e partecipa all’aumentata apoptosi
che caratterizza questa patologia neurodegenerativa. Inoltre, questo modello ci ha
permesso di chiarire la relazione tra la regolazione della forma del reticolo mitocondriale
e la struttura delle cristae, identificando in OPAL un possibile nesso molecolare (Costa
et al., sottomesso, EMBO Mol. Med.).






2 Summary

Mitochondria are essential organelles for the life of the cells since they are the major
source of cellular ATP (Danial et al., 2003), they regulate Ca** signalling (Rizzuto et
al., 2000) and programmed cell death (Green and Kroemer, 2004). Mitochondria
amplify the intrinsic apoptotic pathway by releasing protein cofactors, like cytochrome
c, that are crucial for the activation of effector caspases required for cell demise. The
majority of cytochrome c and the other components of the respiratory chain are
restricted in the cristae compartment. Thanks to the development of 3D electron
microscopy techniques, it has been demonstrated that cristae are not just invagination
of the inner mitochondrial membrane as previously depicted by Palade in 1952, but
distinct compartments of it, separated from the intermembrane space by narrow
tubular cristae junctions (Mannella et al., 1994). During apoptosis, to reach a complete
release of cytochrome c mitochondria undergo ultrastructural changes collectively
called cristae remodelling characterized by the fusion of individual cristae and the
widening of tubular narrow cristae junctions (Scorrano et al., 2002). The ultrastructural
remodeling is accompanied by changes in the shape of mitochondrial network that
undergoes massive fragmentation.

The shape of mitochondria is determined by the equilibrium between fusion and
fission processes, controlled by a family of “mitochondria-shaping proteins”, many of
which are dynamin-related GTPases. In mammalian cells, mitochondrial fusion
depends on mitofusin 1 and 2 in the outer mitochondrial membrane and on the inner
membrane protein optic atrophy 1 (OPA1L) (Olichon et al., 2002). In our laboratory it
has been demonstrated that OPALl requires mitofusin 1 in order to promote
mitochondrial fusion (Cipolat et al.,, 2004). Fission requires the additional step of
translocation of dynamin-related protein 1 (Drpl) from the cytosol to mitochondria
where it presumably docks on hFisl, its adaptor in the outer membrane.
Oligomerization of Drpl is believed to provide the mechanical force to constrict
mitochondrial membranes and to fragment the organelle (Hinshaw et al,, 1999;
Smirnova et al, 2001). Translocation of Drpl to mitochondria depends on its
dephosphorylation by calcineurin and other phosphatases (Cereghetti et al., 2008).

A growing body of evidence suggests that mitochondria shaping proteins participate in
cell death. In our laboratory it has been recently demonstrated that OPA1 protects

from apoptosis by preventing cytochrome c release independently of mitochondrial
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fusion. OPAL1 keeps in check the cristae remodelling pathway and tightness of cristae
junctions correlates with oligomerization of two forms of OPA1l, a soluble
intermembrane space and an integral inner membrane one (Frezza et al., 2006;
Cipolat et al., 2006). Moreover, other works showed that the expression of a dominant
negative mutant of Drpl, with disrupted enzymatic activity, prevents mitochondrial
fragmentation, cytochrome c release and cell death induced by intrinsic apoptotic
stimuli (Frank et al., 2001). Interestingly, Drpl seems to specifically regulate the
release of cytochrome c, suggesting that the mitochondrial subcompartmentalization
of the pro-apoptotic factor can be altered by Drpl (Parone et al., 2006).

The aim of my thesis has been to study the role of calcineurin-dependent
mitochondrial fission in cell death and in the pathogenesis of Huntington’s Disease.
Recently our laboratory demonstrated that mitochondrial depolarization triggers
activation of the cytosolic phosphatase calcineurin. Calcineurin dephosphorylates
Drpl on Ser637, stimulating its translocation to mitochondria, and ultimately leading to
the fragmentation of the organelle (Cereghetti et al., 2008). To further characterize the
importance of this pathway in apoptosis we focused on a new specific inhibitor of
calcineurin, a peptide, PPD1, corresponding to the peptidylproplyl isomerase domain
of immunophilin FK506 binding protein 52. Besides being genetically encoded and
therefore more stable than small pharmacological inhibitors, PPD1 doesn’t affect the
interaction of Drpl with the dynein motor complex, also implied in the translocation of
Drpl to mitochondria, as we showed by co-immunoprecipitation experiments. Time
course confocal microscopy analysis of HeLa cells transfected with a red fluorescent
protein targeted to mitochondrial matrix (mtRFP) showed that expression of PPD1
strongly delays mitochondrial fragmentation induced by mitochondrial depolarization.
This effect can be ascribed to the observed reduction of Drpl translocation to
mitochondria. We then wanted to check whether PPD1-dependent inhibition of
fragmentation could interfere with apoptosis. To this aim, we analyzed the kinetics of
cell death induced by a panoply of intrinsic apoptotic stimuli. The overexpression of
PPD1 could protect from apoptosis induced by staurosporine, hydrogen peroxide,
etoposide and thapsigargin. Moreover, the cytoprotective effect of PPD1 was strongly
confirmed by a clonogenic assay in which cells expressing PPD1 showed higher
ability in surviving and generating new colonies despite the treatment with
staurosporine. To understand whether PPD1 could affect the release of cytochrome ¢

we overexpressed mtRFP as marker of the mitochondrial network and then we
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immunodecorated cytochrome ¢ with a FITC-conjugated secondary antibody.
Overexpression of PPD1 prevented cytochrome c release in response to
staurosporine. We then wished to ascertain whether PPD1 inhibits apoptosis by
blocking the DRP1 pathway. To exclude the possibility that the observed protection
exerted by PPD1 was due to the inhibition of dephosphorylation of other calciuneurin
substrates involved in apoptosis, like the Bcl-family protein BAD, we turned to a
genetic approach. We analyzed the effect of PPD1 on apoptosis in wt and Bad”
mouse embryonic fibroblasts (MEFs). Our expreriments demonstrated that BAD is
dispensable for the antiapoptotic action of PPD1, since the overexpression of the
peptide could protect Bad”” MEFs from cell death induced by staurosporine. Moreover,
the co-expression of PPD1 and a dominant negative mutant of Drpl (DRP1%%®4) did
not protect more, suggesting that they act via the same pathway. These data further
support the decisive role of mitochondrial fission and the cellular cues that regulate
mitochondrial shape in apoptosis (Cereghetti, Costa et al., in revision, Cell Death and
Differentiation).

Increasing evidence show that in pathological conditions characterized by increased
apoptosis, as in neurodegenerative diseases, mitochondria display changes in shape
and ultrastructure. In particular, our attention was caught by electron microscopy
images of mitochondria from lymphoblasts from Huntington’s Disease patients that
showed deep ultrastructural alterations strongly resembling cristae remodelling.
Huntington’s disease is a dominant genetic neurodegenerative disorder caused by the
polyglutamine expansion in the huntingtin protein. The disease is characterized by
specific loss of medium spiny neurons in the striatum, resulting in motor and cognitive
symptoms. We therefore decided to characterize the mitochondrial morphological
alterations and their effect on cell death in two different models of Huntington’s
Disease: immortalized lymphoblasts from patients and striatal neuronal precursors
from knock-in mouse models bearing a polyglutamine expansion in the endogenous
huntingtin gene. Confocal imaging analysis of mitochondrially targeted yellow
fluorescent protein (mtYFP) revealed that HD cells display fragmented mitochondrial
network if compared with the relative controls. Notably, the fragmentation was more
severe in homozygous than in heterozygous patients, supporting a phenotype-
genotype correlation. We then checked whether the morphological phenotype could
be ascribed to alterations in levels of mitochondria-shaping proteins. Despite no

differences in their total levels, more Drpl was retrieved on mitochondria isolated from
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HD cells than in wt. Moreover, crosslinking experiments revealed that Drpl was more
oligomerized in HD cells. These data suggested that an over-activation of the fission
machinery could account for the observed fragmentation. Interestingly, OPA1 isoforms
pattern at steady state and their processing upon staurosporine treatment was altered
in HD cells, indicating a possible molecular mechanism through which Drpl could
regulate cristae morphology. We then decided to check whether we could correct the
morphological phenotype either promoting mitochondrial fusion or inhibiting the
mitochondrial fission machinery. To this aim, we co-transfected our cell lines with
mtYFP and empty vector or OPA1, MFN1, DRP1%*®** and a dominant negative mutant
of calcineurin. We observed that both the overexpression of pro-fusion proteins and
the inhibition of the fragmentation pathway could correct the mitochondrial shape
alterations. The following step was to understand which was the functional meaning of
the observed morphological defects and whether they could influence apoptosis. Flow
cytometric analysis of cell death of lymphoblasts revealed that cells from HD patients
are more susceptible to staurosporine. The same was confirmed in neurons from HD
mice, which show increased poly ADP-ribose polymerase (PARP) cleavage, an

1538 or the

hallmark of apoptosis. Interestingly, the overexpression of OPA1 and DRP
treatment with the calcineurin inhibitor FK506 restored the apoptotic susceptibility of
HD cells to wt levels. However, the overexpression of MFN1 did not confer protection
towards cell death, meaning that fusion per se is not sufficient for counteracting
apoptotic stimuli. The analysis of the kinetic of cytochrome c release from isolated
mitochondria upon treatment with the apoptotic stimulus cBID, using a specific ELISA
assay, showed that HD organelles release cytochrome c faster than the relative
control. Moreover, crosslinking experiments demonstrated that the enhanced release
of cytochrome c correlates with a faster disruption of OPA1 oligomers. The increased
cristae remodelling process in HD mitochondria was further confirmed by electron
microscopy imaging of mitochondrial ultrastructure upon treatment with staurosporine.
HD cells showed decreased number of cristae per mitochondrion at steady state and
the cristae compartment became highly deranged and reorganized following the

apoptotic stimulus. Importantly, overexpression of OPA1 and DRP1X%4

could clearly
increase the number of properly structured cristae and inhibit their reorganization
during apoptosis.

In conclusion, the data presented in this doctoral thesis show that the calcineurin-

DRP1 axis-dependent regulation of mitochondrial fragmentation plays a crucial role in
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the progression of the intrinsic apoptotic cascade. Furthermore, we could demonstrate
that this pathway is altered in Huntington’s disease and could account for the
increased cell death that characterizes this neurodegenerative disorder (Costa et al.,
submitted, EMBO Mol. Med.).
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3 Introduction

Eukaryotic cells are surrounded by a plasma membrane (PM) and contain extensive
internal membranes that enclose specific compartments, the organelles, and separate
them from the rest of the cytoplasm, the region of the cell lying outside the nucleus.
Most eukaryotic cells contain many mitochondria, which occupy up to 25% of the
cytoplasmic volume.

Mitochondria are the main site of ATP production. In addition to supplying cellular
energy, they are involved in a range of other processes, such as signalling, cellular
differentiation and death, as well as the control of the cell cycle and cell growth. Finally,
mitochondria have been implicated in several human diseases, including degenerative
disorders and cancer and may play a role in the aging process.

Mitochondria are complex organelles and their elaborate structure is very important for
their function. In certain cell types they are organized in networks of interconnected
mitochondria. Ultrastructurally, the IM can be further subdivided in an inner boundary
membrane and in the cristae compartment, bag-like folds of the IM connected to it via
narrow tubular junctions. The ultrastructure and the reticular organization of the
organelle are determined by mitochondria-shaping proteins that impinge on the
equilibrium between fusion and fission processes.

We will now discuss the mechanisms involved in the regulation of mitochondrial
dynamics and apoptosis. Moreover, we will focus on the role of the proteins that

regulate mitochondrial morphology and ultrastructure in neurodegeneration.

3.1 Mitochondria

Mitochondria are crucial organelles in life and death of eukaryotic cells. In the last few
decades their role in cellular physiology and function has been reconsidered and the
number of processes in which they are involved is likely to increase in the future.

They produce most of the ATP needed for endoergonic processes and convey it to the
sites of greater energy demand. They participate to and shape complex signalling
processes such as cytosolic Ca2+ transients (Jouaville et al., 1995). During apoptosis
they integrate diverse stimuli by releasing protein cofactor needed in the cytosol to
grant the efficient activation of the caspases that execute cell destruction (Wang,

2001). Defects in any of these processes can be detrimental for the cell: several
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diseases are consequences of, or are aggravated by, mitochondrial dysfunction
(Schapira, 2006). Moreover, evidence has been accumulating in favour of a direct
implication of mitochondria in oncogenesis. Cancer cells display changes in cellular
metabolism (the so called Warburg effect) (WARBURG, 1956) and tend to disable the
mitochondrial pathway of apoptosis (Hanahan and Weinberg, 2000). Unlike any other
organelle, except for chloroplasts, mitochondria appear to originate only from other
mitochondria. They contain their own circular DNA (mtDNA), along with their own
transcriptional and translational machinery. Mitochondrial ribosomes and transfer RNA
molecules are similar to those of bacteria, as are components of their membrane.
These and related observations led L. Margulis, in the 1970s, to propose an
extracellular origin for mitochondria, the endosymbiotic theory (Margulis, 1971).
Mutations in mtDNA are associated with a number of genetic, multisystemic diseases

that highlight the importance of this organelle in physiology of multiple organs.

3.1.1 The metabolic role of mitochondria

Pioneering biochemical studies have long forged the concept that the mitochondrion is
the “energy powerhouse” of the cell. It is the centre of cellular energetic metabolism,
being the principal source of ATP for eukaryotic cells: only 5% of ATP generate by
glucose is provided by glycolysis. ATP is required to drive most energy-dependent
intracellular processes. Due to their function, mitochondria display very well-
characterized mechanisms to regulate production, consumption and conservation of
cellular energy.
The three major processes leading to ATP synthesis are:
e The tricarboxylic acid cycle, located in the mitochondrial matrix, in which NADH
and FADH2 are produced from organic compounds
e The mitochondrial respiratory chain, in which electrons are sequentially
transferred to oxygen by electron carriers, the respiratory chain complexes. To
limit free energy dissipation, electrons from NADH are transferred stepwise from
the IM-associated respiratory chain complexes with higher redox potential to the
ones with lower. The complex | (NADH dehydrogenase) catalyzes the transfer
of electrons from NADH to CoQ. Complex Il (succinate dehydrogenase)
transfers electrons directly from succinate to CoQ. Electrons are transferred by

complex Il (ubiguinone-cytochrome c reductase) from reduced CoQ to
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cytochrome c, which in turns shuttle them to complex IV (cytochrome c

oxidase). Complex IV finally catalyzes the electron transfer from cytochrome c

to O2. Electrons transfer in complexes I, lll and IV is coupled to proton pumping

from the matrix to the intermembrane space.

e The phosphorilating system, which uses the energy supplied by the respiratory

chain to catalyze the synthesis of ATP from ADP and Pi.
In 1961 Mitchell proposed that the fundamental mechanism of energy transduction in
mitochondria is chemiosmosis (Mitchell, 1979), in which the free energy of oxidation of
carboxylic acids is used to pump protons from the matrix to the intermembrane space
establishing an electrochemical gradient. Since the inner mitochondrial membrane
displays an extremely low passive permeability to ions in general and protons in
particular, the result is the buildup of a proton electrochemical gradient (AuH+) across
the membrane. The electrochemical gradient is the sum of two components: the proton
concentration difference across the membrane (ApH) and the electrical potential
difference across the membrane (Awn). The estimated magnitude of the proton
electrochemical gradient is about -220 mV (negative inside) and under physiological
conditions most of the gradient is in the form of Ayy,. The proton gradient is utilized to
synthesize ATP: the F1Fo-ATP synthase couples the transport of these protons back
across the inner membrane into the matrix with the phosphorylation of ADP to produce
ATP.
Mitochondria are the site of many other metabolic processes, such as biosynthesis and
degradation of fatty acids and amino acids, and synthesis of ketone-bodies and heme.
They also play a major role in generation and detoxification of reactive oxygen species

and in H" and Ca?* homeostasis

3.1.2 Mitochondrial biogenesis

Mitochondria perform essential cellular functions, yet can not be synthesized de novo
(Attardi and Schatz, 1988). Instead, these organelles are derived from pre-existing
mitochondria and specific cellular mechanisms act to ensure their faithful transmission
to the progeny.

A growing list of key protein components of the inheritance process emerged from

analysis of conditional mutants of the budding yeast Saccharomyces cerevisiae that
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were defective for mitochondrial distribution and morphology (the mdm mutants)
(Berger and Yaffe, 1996; Koehler et al., 1999; Hermann and Shaw, 1998).
Mitochondria consist of four distinct compartments. The mitochondrial outer and inner
membranes serve as barriers for the maintenance and integrity of two soluble
compartments, the mitochondrial intermembrane space (IMS) and mitochondrial
matrix. The outer membrane is composed of about half lipid and half protein, contains
specific transports and pores that render the membrane permeable to molecules
having molecular weights as high as 10 KDa. The OMM is similar to the outer
membrane of gram-negative bacteria. The inner membrane is less permeable,
constituted for approx. 80% of proteins, a higher proportion than that occurring in other
cellular membranes.

Mitochondria contain their DNA: in vertebrates, mtDNA consists of a double stranded
covalently closed circular DNA molecule of about 16.5 kb. Many mtDNA molecules are
packaged within mitochondria into small clusters called nucleoids (Jacobs et al., 2000),
that vary in size and number in response to physiological conditions (Nosek and
Tomaska, 2003; Legros et al., 2004; Malka et al., 2006). Nucleoid structure is
stabilized by TFAM, or mtTFA, which binds to mtDNA and regulates its abundance
(Kanki et al., 2004). The maintenance of the mtDNA integrity is important for keeping
proper cellular functions both under physiological and pathological conditions (Kang et
al., 2007).

Mitochondria contain about 1500 different proteins, only half of which have been
identified (Calvo et al., 2006). mtDNA encodes 13 mRNAs for subunits of the oxidative
phosphorylation complexes (OXPHOS) (Anderson, 1981; Fernandez-Silva et al.,
2003). Proteins of mitochondrial origin are translated on mitochondrial ribosomes
bound to the matrix side of the inner membrane, and cotranslationally inserted into the
proper compartment (Allen et al., 2005; Poyton and McEwen, 1996). Ninetynine
percent of the 1,000 different mitochondrial proteins are produced on cytosolic
ribosomes and are imported into the organelle (Sickmann et al., 2003; Prokisch et al.,
2004). The correct delivery and sorting of nuclear encoded mitochondrial precursors to
each of these four compartments is pivotal in the maintenance of normal organelle
function and structure. However, in addition to be delivered to the correct
submitochondrial location, many proteins have to be further assembled into homo- or

hetero-oligomeric structures in order to fulfill their functions. Translocation machineries
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within the outer and inner membranes in addition to translocation mediators within the
organelle's soluble regions exist and execute these delicate tasks (Koehler, 2004).
Nuclear-encoded mitochondrial proteins are imported by the TOM complex.
Subsequently, they follow different pathways. Presequence-carrying proteins are
transported by the TIM23 complex and the motor PAM into the matrix, where
mitochondrial processing peptidase (MPP) cleaves off the presequences. Small
proteins of the intermembrane space (IMS) are imported via the mitochondrial
intermembrane space assembly machinery (MIA). B-barrel precursors of the outer
membrane (OM) are transferred by the Tim9—Tim10 chaperone complex from TOM to
SAM. Precursors of inner membrane (IM) carriers use Tim9-Tim10 for transfer to the
TIM22 complex that drives insertion into the inner membrane.

The protein translocases in the four mitochondrial compartments do not function as
independent complexes but cooperate in a dynamic manner. This includes transient
contacts between translocases located in different compartments and the involvement
of protein complexes that have previously been thought not to be related to protein

biogenesis, such as the respiratory chain and mitochondrial morphology components.

3.1.3 Mitochondrial ultrastructure

Since the 1950s, electron microscopy (EM) has detailed the substructure of the cell.
Sjostrand and Palade led pioneering work on electron microscopy of mitochondria.
They both recognized that mitochondria have two very different membranes, an outer
(OMM) and a highly convoluted inner (IMM) membrane. It was proposed that
mitochondria posses two soluble compartments: the intermembrane space (IMS),
between the OM and the IM, and the matrix, the central electrondense space. Palade’s
model evolved into that currently depicted in textbooks in which the inner mitochondrial
membrane is one continuous closed surface with a complex morphology, folded in
ridges called cristae (Figure 1A). This model, sometimes called the baffle model,
depicts the cristae with broad openings to the intermembrane space on one side of the
mitochondrion and protruding across the matrix nearly to the other side (Palade,
1952).

Some years later Hackenbrock demonstrated that the structure of mitochondrial
membrane is linked to the metabolic state of mitochondria. For example, the matrix

“contracts” during changes in osmotic or metabolic state, producing a condensed
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conformation in which the inner membrane is pulled away from the outer membrane
except at loci he called ‘contact sites’ (Hackenbrock, 1966). By contrast, mitochondria
observed in situ are usually found in the orthodox conformation, characterized by a
relatively large matrix volume and the non-cristal component of the inner membrane
closely apposed to the outer membrane with a small intermembrane space.

The need to reinvestigate the issue of mitochondrial compartmentation provided the
impetus to apply a new 3D imaging technology, EM tomography, to this problem. In
EM tomography, multiple projection images representing many different views are
collected from a specimen whose thickness can range from 0.25 to 1.5 ym or more.
Imaging of these thick specimens is obtained using electron microscopes operating at
high voltages (400-1200 kV) equipped with precision tilting stages. The first
applications of EM tomography to mitochondria were performed by Mannella and co-
workers on rat-liver mitochondria (Mannella et al., 1994). Sections used were 0.5 pm
thick, representing a large segment of the intact, isolated organelles, typically
ellipsoids, 0.5-2 ym in size. The resulting tomograms provided striking evidence that
the standard baffle model was incorrect, at least for isolated rat-liver mitochondria,
which are among the most commonly used for bioenergetic investigations.

When Frey, Perkins and co-workers applied high-voltage electron tomography coupled
with three-dimensional image reconstruction in situ in several different tissues, they
identified the cristae as a novel compartment. Cristae are separated from the inner
boundary membrane, shaped like bags and connected by narrow tubular junctions
(with a diameter of approximately 28 nm) to the thin intermembrane space (Perkins et
al., 2001) (Figure 1 B).
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Figure 1: Mitochondrial
ultrastructure. (A) A text book like
representation of the buffle model
adapted from (Frey and Mannella,
2000) (B) Three-dimensional
reconstructions of isolated rat liver
mitochondria obtained by high-voltage
electron microscopic tomography. OM:
outer membrane, IM: inner membrane,
C: selected cristae; arrowheads point

to narrow tubular regions that connect

cristae to periphery and to each other.
Bar, 0.4 um. Adapted from (Frey and
Mannella, 2000). (C-D) Representative
surface-rendered views of electron
microscopy tomography
reconstructions of class | (C) and Il
mitochondria (D). The OM is depicted
in red, the inner boundary membrane

in yellow, and the cristae in green.

In contrast to the standard baffle model for mitochondrial structure, this new structural
organization strongly suggest that diffusion between internal compartments is
restricted, which has profound functional implications. Because oxidative
phosphorylation relies on rapid diffusion of ions and substrates to sites of transport or
reaction on the mitochondrial inner membrane, the number and shape (diameter and
length) of cristae junctions could regulate rates of ATP phosphorylation under certain
conditions (Perotti et al., 1983; D'Herde et al., 2001). Likewise, the shape and volume
of cristae can be expected to affect the diffusion of cytochrome c between intracristal
and intermembrane compartments (Bernardi and Azzone, 1981; Scorrano et al., 2002).

3.1.4 Mitochondrial movement and transport

Mitochondria distribution and transport inside a cell is likely to be a very well-regulated
process. These organelles are often enriched at cellular sites where energy demand is
greater, or where their metabolic function is required, like at the level of the synaptic

button. This implies that mitochondria are (i) mobile; (ii) use cytoskeletal proteins as
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tracks for their directional movement; (iii) are transiently or permanently stopped where
their presence is required via interactions with specialized cellular structures.
Mitochondrial transport depends on the actin cytoskeleton in budding yeast
(Fehrenbacher et al., 2004) and on both actin and microtubules in mammalian cells
(Morris and Hollenbeck, 1995; Hollenbeck and Saxton, 2005). Depending on the
cellular context, these transport processes can ensure proper inheritance of
mitochondria or can recruit mitochondria to active regions of the cell. For example, in
budding yeast, mitochondria are transported into and retained in the developing bud to
ensure mitochondrial inheritance to the daughter cell (Fehrenbacher et al., 2004).
Energy-dependent molecular motors transport mitochondria along cytoskeletal
filaments. Along microtubules, multiple kinesin family members and cytoplasmic dynein
have been implicated in anterograde and retrograde mitochondrial transport,
respectively (Hollenbeck and Saxton, 2005).

Recent work has clarified the linkage between mitochondria and kinesin-1. Genetic
screens in D. melanogaster identified milton and miro, both of which are required for
anterograde mitochondrial transport in neurons (Guo et al., 2005; Stowers et al.,
2002). Milton interacts directly with kinesin and miro, which is a mitochondrial outer
membrane protein that has GTPase and Ca2+ binding EF-hand domains (Glater et al.,
2006). It is very likely that miro is not only an adaptor for milton, but is also a critical
regulator of kinesin-dependent mitochondrial transport: either the GTPase activity or
calcium binding can regulate miro's conformation and, therefore, its ability to recruit
milton or arrange the milton—kinesin complex at the surface of mitochondria. In yeast,
disruption of the Miro orthologue Gemlp results in abnormalities in mitochondrial
morphology and poor respiratory activity (Frederick et al., 2004). Both GTP-binding
and Ca2+-binding motifs are essential for Gem1 function, which appears not to be
involved in fusion or fission.

Depending on the cell type, mitochondria can also travel along actin filaments under

the control of myosin motors (Hollenbeck and Saxton, 2005).

3.2 Mitochondria shape and dynamics

Mitochondria are dynamic organelles able to change number and shape in living cells
during development, mitosis -when they co-ordinately divide into daughter cells (Catlett
and Weisman, 2000) and in response to physiological or toxic conditions.
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Mitochondrial structure is very heterogeneous and can range from small, individual
spheres to interconnected and branched tubules. The different and dynamic changes
in mitochondrial shapes were already noticed in early times by cytologists who
observed living cells under light microscopy: due to the high heterogeneity of
mitochondrial shape, they christened this organelle “mitochondrion”, a combination of
the Greek word for pitog or mitos, “thread” and xovdpiov or khondrion, “grain”.

In the cytosol of certain cell types, mitochondria can be organized in a net, where
individual organelles dynamically fuse and divide (Legros et al., 2002) to generate
functional units of fused mitochondria, where a stimulus or a signal hitting one end of
the mitochondrial wire can be readily transmitted to other distal components of the net
(Amchenkova et al., 1988). This property is useful to rapidly convey signals across the
cytoplasm, especially in large cells such as cardiomyocytes (Pacher and Hajnoczky,
2001). On the other hand, in other cell types both shape and function of individual
mitochondria are heterogeneous, with limited interconnectivity of the organelles
(Collins et al., 2002).

The morphological plasticity of mitochondria results from the equilibrium between
fusion and fission events. Even more remarkably, imaging studies in live cells indicate
that mitochondria constantly move and undergo structural transitions. Individual
mitochondria move back and forth along their long axes on radial tracks. Occasionally
two distinct mitochondria can encounter each other during these movements and
undergo fusion, head to head or side to head. Conversely, long tubules can divide by
fission events, giving rise to two or more distinct units. Mitochondria are organelles
surrounded by two membranes making the fusion and fission complicated processes.
Any fusion or fission event requires the coordinate fusion-division of four lipid bilayers
in a coordinate and complete manner.

Dynamic control of mitochondrial structure is performed by a growing set of

“mitochondria-shaping” proteins that include both pro-fusion and pro-fission members.

3.2.1 Mitochondria-shaping proteins

Several members of the “mitochondria-shaping” protein family are dynamins-related
proteins. Dynamins are ubiquitous mechano-enzymes that hydrolyze GTP to regulate
fusion, fission, tubulation and elongation of cellular membranes (McNiven et al., 2000).
The role of dynamins in controlling mitochondrial shape was initially identified by

genetic screens in budding yeast, where deletion of specific genes resulted in gross
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alterations of the mitochondrial network, and ultimately in functional abnormalities
including loss of mitochondrial DNA, growth defects and petite strains (Dimmer et al.,
2002; Shaw and Nunnari, 2002).

3.2.1.1 Proteins involved in mitochondrial fusion

3.2.1.1.1 Fzo/ Mitofusin-1,-2

The first mediator of mitochondrial fusion identified was the D. melanogaster Fuzzy
onion protein (Fzol), an evolutionarily conserved, large transmembrane GTPase
localized in the outer mitochondrial membrane. In Drosophila the Fzo gene is activated
during spermatogenesis and mutations in the gene are responsible for sterility in the
male fly (Hales and Fuller, 1997). Fzol mediates the formation of two giant
mitochondria (the so called Nebenkern structure) in the spermatide, required to give
energy to the flagellum.

The S. cerevisiae orthologue of Fzol mediates mitochondrial fusion events during
mitotic growth and mating and is it required for long-term maintenance of mitochondrial
DNA (Hermann et al., 1998; Rapaport et al.,, 1998). Fzolp has two homologues in
mammals, MFN1 and MFN2 (Santel and Fuller, 2001), which both control
mitochondrial fusion. MFN1 and -2 display high (81%) homology and similar
topologies, both residing in the OM (Rojo et al., 2002; Chen et al., 2003; Santel et al.,
2003) They possess an N-terminal GTPase domain, two transmembrane domains
spanning the outer mitochondrial membrane and two coiled coil motifs crucial for
protein—protein interaction (Rojo et al., 2002; Santel and Fuller, 2001).

Despite their highly similarity, the two mitofusins display some structural and functional
divergences. MFN2 possesses a p21lras-binding domain at its N-terminal, which is not
retrieved in MFN1 (Chen et al., 2004). Moreover, in silico analysis of MFN2 reveals
that this protein also has a proline-rich-domain between aminoacids 576 and 590,
which is poorly conserved in MFNL1. Proline-rich domains are involved in the binding to
other proteins (Kay et al., 2000). MFN1 and MFN2 are believed to dock two juxtaposed
mitochondria via their coiled coil domains (Koshiba et al., 2004). However, MFN2
seems to have a different role from MFN1. First, it has been shown that MFN1 has a
higher GTPase activity than MFN2, although its affinity for GTP is lower (Ishihara et al.,
2004). In agreement with this, MFN1 exhibits a higher capacity to induce fusion
(Ishihara et al., 2004). The differential role played by the two mitofusins during
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mitochondrial fusion was first demonstrated by directly measuring mitochondrial fusion
rates in Mfnl-/- and Mfn2-/- cells. These experiments substantiated that cells
containing only MFN1 retain more fusion activity than those that contain only MFN2
(Chen et al., 2003). Extending these cell biological observations, genetic ablation of
the two genes in the mouse does not result in the same phenotype: Mfnl-/- mice die in
midgestation, whereas Mfn2-/- embryos display deficient placentation (Chen et al.,
2003).

A recent work from our lab demonstrated that MFN2 is localized not only on the outer
mitochondrial membrane but also on ER and it is enriched at the ER-mitochondria
interface. Besides controlling ER morphology, MFN2 on ER forms homotypic and
heterotypic complexes with MFN1 and MFN2 on the outer mitochondrial membrane
and it controls the tethering between the two organelles. The regulation of this
juxtaposition is crucial for the mitochondrial Ca®* uptake upon Ca®" release from ER
stores (de Brito and Scorrano, 2008).

3.2.1.1.2 Mgm1p/ Msp1lp/Opal

Optic atrophy 1 (OPA1) is a dynamin-related protein located in the IMM. Mgmlp, the
yeast homologue of OPAL, has been identified in a genetic screen for nuclear genes
required for the maintenance of mtDNA in the budding yeast S. cerevisae (Jones and
Fangman, 1992). Years later, Pelloquin and colleagues isolated Msplp, the S. pombe
orthologue (Pelloquin et al., 1999). The human gene of Opal was identified in 2000 by
two independent groups (Delettre et al., 2000; Alexander et al., 2000). Albeit Mgm1p
and Opal display a sequence identity of only approx. 20%, they maintain a highly
conserved secondary structure, consisting of a N-terminal mitochondrial targeting
sequence (MTS) composed of scattered positively charged amino acid residues, two
consecutive hydrophobic segments, a GTPase domain, a middle domain, and a C-
terminal coiled-coil domain that may correspond to GTPase effector domain GED
(Satoh et al., 2003). The pleckstrin homology and proline-rich domains, found in
classical dynamins, are missing. The functional analysis of Mgml1p and Mspl reveals
that both proteins are required for the maintenance of fusion-competent mitochondria
in S. cerevisiae and pombe (Wong et al.,, 2003). The high degree of secondary
structure conservation suggests that the function of OPAL is conserved in mammals.

On the other hand, it was less clear whether OPAL played a role in fission, or in fusion
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of mitochondria, since high levels of OPAl can drive fragmentation of the
mitochondrial reticulum (Griparic et al., 2004; Misaka et al., 2002; Olichon et al., 2003).
However, in our laboratory it has been shown that a linear relationship between OPA1l
levels and mitochondrial fusion exists, as overexpression of OPALl enhances fusion,
while its downregulation by SiRNA represses it in mouse embryonic fibroblasts.
Moreover, a genetic approach demonstrated that OPAL requires MFN1 on the outer
mitochondrial membrane to exert its fusion effect (Cipolat et al., 2004). We will discuss

later the role of OPAL in apoptosis and in disease.

3.2.1.2 Proteins involved in mitochondrial fission

3.2.1.2.1 Dnm1p/DIp1/Drpl

The two proteins FIS (fission) 1 and DRP1 regulate mitochondrial fission in mammals.
The dynamin-like-protein (DIp) 1p in yeast, DRP-1 in C. elegans, and DLP1/DRP1 in
mammals are homologues. DRP1 exists largely in a cytosolic pool, but a fraction is
found in spots on mitochondria at sites of constriction (Labrousse et al., 1999;
Smirnova et al., 2001). DRP1 contains a dynamin-like-central domain and a C-terminal
GTPase effector domain (GED), in addition to its N-terminal GTPase. DRP1 can
oligomerize, in vitro, into ring-like structures and intermolecular oligomerization is
observed at membrane constriction sites. Given these similarities with dynamin, DRP1
has been proposed to couple GTP hydrolysis with mitochondrial membrane

constriction and fission (Hinshaw, 1999; Smirnova et al., 2001).

3.2.1.2.2 Fis1lp/hFis1

Fislp is a 17-kDa integral protein of the outer mitochondrial membrane (James et al.,
2003). Its N-terminal domain is exposed to the cytoplasm and forms a tetratricopeptide
(TPR)-like fold (Suzuki et al., 2003). The C-terminal domain of FIS1 possesses a
predicted TM domain and a short stretch of amino acids facing the IMS. FIS1 is
thought to recruit DRP1 to punctuate structures on mitochondria during mitochondrial
fusion. It is therefore considered the limiting factor in the fission reaction (Stojanovski
et al.,, 2004). Moreover it has been shown that hFisl is a bifunctional protein which

independently regulates fission and apoptosis (Alirol et al., 2006).
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3.2.1.2.3 Mff

Mff is a novel component of the mammalian mitochondrial fission machinery. Mff is a
tail-anchored membrane protein located in the outer mitochondrial membrane and on
peroxisomes. The hydrophobic carboxy-terminal segment serves as a membrane
anchor, while the amino-terminal conserved repeats and the coiled coil domain might
be involved in the interaction with other proteins. The silencing of Mff by SiRNA inhibits
mitochondrial fragmentation and leads to the appearance of an elongated
mitochondrial network, similar to that obtained by silencing of Fisl and DRP1. The
topological and functional similarities between Mff and FIS1 suggests that they act in
the same pathway, but the fact that they are not found in the same complex suggests
that they fulfill different functions in the process of mitochondrial and peroxisomal

fragmentation (Gandre-Babbe and van der Bliek, 2008).

3.2.1.2.4 Endophilin b1

Endophilin B1, a member of the endophilin family of fatty acid acyl transferases that
participate in endocytosis, has been shown to play a role in mitochondrial fission
(Karbowski et al., 2004). During endocytosis, endophilin 1 builds complexes with
dynamin |, the dynamin responsible for the severing of the neck of the nascent
endocytic vesicle, and provides the required lipid modification (Schmidt et al., 1999).
Endophilin B1 partially colocalizes and cofractionates with mitochondria and its
downregulation by siRNA leads to changes in mitochondrial shape, as well as the
formation of OM-bound structures resembling those formed by vesicles in neuronal
terminals after inactivation of endophilin 1.

Members of the endophilin family, which are all Bin-Amphiphysin-Rvs(BAR)-domain
proteins (like for example amphiphysin and endophilin 1), are supposed to participate
in the regulation of membrane curvature, a process required for membrane scission
during dynamin-mediated endocytosis (Gallop et al., 2006). However, the mechanism
by which BAR-domain proteins and related components regulate membrane scission
has recently been questioned. First, it has been proposed that BAR-domain proteins
have an acyl transferase activity that promotes membrane fission by altering
membrane curvature from positive to negative (Schmidt et al., 1999). Later studies by

the laboratory of H. McMahon demonstrated that BAR-domain proteins have no fatty
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acyl transferase activity as previously believed (Gallop and McMahon, 2005). The
amphipathic helices of BAR domains alter membrane curvature by inserting into the
phospholipids bilayers and not by displaying a fatty acyl transferase activity (Gallop et
al.,, 2006). Similarly, endophilin B1 seems to participate in the control of the
morphology of OM by altering membrane curvature. Whether this is a direct effect, or it
requires the recruitment of other proteins, such as phospholipase D and/or other

mitochondria-shaping proteins, remains to be elucidated.

3.2.1.2.5 Mtp18

MTP18, a nuclear-encoded mitochondrial membrane protein, is suggested to be a
component required for mitochondrial fission in mammalian cells(Tondera et al., 2004;
Tondera et al., 2005). MTP18 is supposed to be an intramitochondrial protein exposed
to the IMS, however it is still not clear whether MTP18 is an OM or IM protein.
Interestingly MTP18 is a downstream effector of phosphatidyl-inositol 3-kinase (PI13-K)
signalling. It has been reported that overexpression of MTP18 leads to mitochondrial
fragmentation. On the other hand, after downregulation of MTP18 levels by siRNA,
mitochondria appear filamentous. Thus, MTP18 could be a regulator of mitochondrial
shape that responds to activation of PI3-K, coupling morphology of the reticulum to

cellular cues.

3.2.2 Mechanisms of mitochondrial fusion and fission

Several important characteristics of mitochondria make their fusion mechanism
particularly intriguing. First, unlike almost all other intracellular fusion events, neither
SNAREs nor the AAA-ATPase NSF have been implicated in the fusion reaction.
Indeed, there are specific, dedicated mitochondrial fusion molecules, suggesting that
the machinery evolved independently and is uniquely tailored for this organelle.
Second, mitochondria have two membranes: therefore, the fusion of four sets of lipid
bilayers must be coordinated. Third, unlike viral fusion and most SNARE-mediated
fusion, mitochondrial fusion is homotypic. Finally, mitochondrial fusion it is likely to be
influenced by cellular energetic demands, apoptotic stimuli and developmental cues.

Taken together, these characteristics suggest that mitochondria fuse through a novel
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mechanism that reflects their unique endosymbiontic origin and double membrane
architecture.

Why do mitochondria continually fuse and divide? Recent studies show that these
processes have important consequences for the morphology, function and distribution
of mitochondria. First, fusion and fission control the shape, length and number of
mitochondria. The balance between these opposing processes regulates mitochondrial
morphology. Second, fusion and fission allow mitochondria to exchange lipid
membranes and intramitochondrial content. Such exchange is probably crucial for
maintaining the health of a mitochondrial population. When mitochondrial fusion is
abolished, a large fraction of the mitochondrial population loses nucleoids (Chen et al.,
2007). In addition to mtDNA, other components, such as substrates, metabolites or
specific lipids, can be restored in defective mitochondria by fusion. Third, the shape of
mitochondria affects the ability of cells to distribute their mitochondria to specific
subcellular locations. This function is especially important in highly polarized cells,
such as neurons. Mitochondrial fusion and fission affect the mitochondrial distribution
in dendrites. In hippocampal neurons, mitochondria accumulate at dendritic spines
following neuronal stimulation. Inhibition of mitochondrial fission causes elongation of
the mitochondria and decreases the abundance of dendritic mitochondria and the
density of dendritic spines. Conversely, increased fission facilitates the mobilization of
dendritic mitochondria and leads to an increased spine number (Li et al., 2004).
Mitochondrial dynamics appears to be important for proper mitochondrial redistribution
in lymphocytes during chemotaxis (Campello et al., 2006). Finally, mitochondrial fission
facilitates apoptosis by regulating the release of intermembrane-space proteins into the
cytosol. Moreover mitochondria actively participate in the regulation of Ca®* signalling
by taking up and releasing Ca?* in response to physiological, inositol triphosphate
coupled agonists. This process relies on the relative position of mitochondria in the
cytosol, as well as on their juxtaposition to the ER, required for the production of
microdomains of high [Ca®'], essential for the activation of the low affinity mitochondrial
Ca®* uniporter (Rizzuto et al., 2000). It is therefore conceivable that changes in
mitochondrial shape influence mitochondrial participation in the Ca?* game. This
hypothesis is substantiated by the finding that excessive fission by Drpl blocks
propagation of Ca?* waves (Szabadkai et al., 2004), while Fis1 reduces refilling of ER
Ca®* stores, probably by impairing capacitative Ca* entry from the plasma membrane

(Frieden et al., 2004). Surprisingly, Fisl promotes higher degrees of fragmentation
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than Drpl, yet its effect on the propagation of mitochondrial Ca®** waves are apparently
much lower. A possibility is that Drpl has a specific but yet not characterized function
on mitochondrial Ca®** propagation, in addition to its effect on mitochondrial

morphology.

3.2.2.1 Regqulation of fission

Mitochondrial fission in mammalian cells seems to follow the same mechanism
described in yeast. Like in yeast, it has been shown that DRP1 is recruited to spots on
mitochondria and it seems that constriction of the membranes takes place via
interaction with FIS1, since it has been shown that recombinant DRP1 and
recombinant FIS1 can interact in vitro (Yoon et al., 2003). However, this association
has never been shown in vivo and reduction of FIS1 levels by siRNA does not disrupt
DRPL1 localization to mitochondria (Lee et al., 2004). While this could argue against the
possibility that Fisl acts as the mitochondrial receptor for DRP1, it should be
considered that the residual level of FIS1 could till be sufficient to recruit DRP1 to
mitochondria. A growing number of studies is contributing to the characterization of the
signals that induce the recruitment of DRP1 to mitochondria and the turnover of the

protein.

3.2.2.1.1 Phosphorylation of DRP1

Mitochondrial division is coordinated with the cell cycle in higher eukaryotes. Recent
experiments using cultured human cells showed that mitochondrial scission is induced
at the onset of mitosis, leading to partial fragmentation of mitochondria (Taguchi et al.,
2007). Revealing a direct link between the cell-cycle and the mitochondrial-division
machinery, this burst of mitochondrial division is correlated with the cyclinB-cyclin-
dependent kinase (CDK1-dependent) phosphorylation of DRP1. This is the first
demonstration that the addition of a phosphate moiety to DRP1 regulates its
mitochondrial fission activity and in vitro assays using purified proteins coupled with
cell-culture experiments indicate that the most potent mitotic phosphorylation event
occurs on a serine residue (S616) in the carboxyl-terminal GTPase-effector domain
(GED) of DRP1.
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Recently Cribbs and Strack identified a crucial phosphorylation site that is conserved in
all metazoans DRP1 orthologues (Cribbs and Strack, 2007). Ser637 is phosphorylated
by cyclic AMP-dependent protein kinase and dephosphorylated by calcineurin, and its
phosphorylation state is controlled by sympathetic tone, calcium levels and cell
viability. Thus, DRP1 phosphorylation at Ser 637 provides a mechanism for the
integration of cAMP and calcium signals in the control of mitochondrial shape.
However, the link between phosphorylation and DRP1-dependent mitochondrial shape
changes is still unclear. A mechanistic explanation has been provided by a study that
showed that cyclic-AMP-kinase-dependent phosphorylation of serine 637 in the GED
can decrease the GTPase activity of DRP1 by inhibiting the intramolecular interactions
known to increase the GTPase activity of DRP1 (Chang and Blackstone, 2007).
However, in our laboratory it has been demonstrated that calcineurin-dependent DRP1
dephosphorylation at serine 637 promotes the translocation of the protein from the
cytosol to mitochondria in response to rise in cytoplasmic Ca** (Cereghetti et al.,
2008). During this thesis we further investigated the role of calcineurin-mediated

mitochondrial fragmentation in apoptosis.

3.2.2.1.2 Sumoylation of DRP1

DRP1 has been shown to be sumoylated and to interact with SUMOL1 by yeast two-
hybrid(Harder et al., 2004). Sumoylation is a process that involves the covalent binding
of the small protein SUMO to the substrate, protecting it from binding to ubiquitin and
therefore from degradation by the proteasome (Johnson, 2004). In a recent work,
DRP1 has been demonstrated to be the substrate of the mitochondrial-anchored
SUMO ES3 ligase MAPL (Braschi et al., 2009). SENP5, a SUMO protease, can
desumoylated Drpl, and overexpression of cytosolic SENP5 can reverse SUMO-1-
induced mitochondrial fragmentation (Zunino et al., 2007). Moreover, SENP5 is also a
key player in cell-cycle progression (Di Bacco and Gill, 2006) and it regulates DRP1-
dependent mitochondrial fragmentation in mitosis (Zunino et al., 2009). Interestingly,
the conjugation of SUMOL1 to DRP1 is increased during cell death and this stimulation
appears to be Bax/Bak dependent, suggesting a link between the apoptotic machinery

and the regulation of the biochemical properties of DRP1 (Wasiak et al., 2007).

3.2.2.1.3 Ubiquitinylation of DRP1 and MFNs: MARCH V
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The ubiquitin ligase of the OM MARCH-V regulates targeting of DRP1 for degradation
(Nakamura et al., 2006). The conjugation of the 76-amino acid protein ubiquitin to
substrate proteins is involved in the regulation of a variety of cellular processes
(Welchman et al., 2005) ranging from selective protein degradation to DNA repair
(Huang and D'Andrea, 2006) and membrane protein trafficking (Staub and Rotin,
2006). Recent findings indicate that ubiquitylation plays a direct role in mitochondrial
membrane remodeling (Escobar-Henriques et al., 2006; Nakamura et al., 2006;
Yonashiro et al., 2006; Neutzner and Youle, 2005). The work from the Yonashiro and
Nakamura groups reported that inhibition of MARCH-V activity by expression of a
dominant negative mutant causes mitochondrial fragmentation. The promotion of
fusion by MARCH-V is due both to regulation of MFN2 and ubiquitinylation of DRP1.
However, Karbowski and colleagues subsequently reported that inhibition of MARCH-
V increases elongation and interconnectivity of mitochondria and causes excessive
recruitment of DRP1 to mitochondria (Karbowski et al., 2007). Thus, MARCH-V seems
to be involved in the regulation of DRP1 subcellular trafficking and correct assembly at

the scission sites on mitochondria.

3.2.2.2 Regulation of fusion

Fusion of mammalian mitochondria is thought to occur in a similar way as in yeast. The
mammalian orthologues of Fzolp, MFN1l and MFN2, are believed to dock two
juxtaposed mitochondria via their coiled coil domains (Koshiba et al., 2004). In the
case of MFNs, two molecules on opposing membranes can bind in trans to bridge
mitochondria, maintaining a distance of 95 A between the two membranes (Koshiba et
al.,, 2004). But how is OMM fusion coordinated with IMM fusion? In yeast a
multimolecular complex of Mgm1p, Ugolp and Fzolp apparently coordinates fusion of
the two membranes. On the other hand, a mammalian orthologue of Ugolp has not yet
been identified and it is unclear whether OPA1 and MFN1 direclty interact to promote
mitochondrial fusion.

Studies in intact cells showed that in higher eukaryotes an intact IMM potential is
required for mitochondrial fusion, which conversely appears to be independent of a
functional cytoskeleton (Legros et al., 2002; Mattenberger et al., 2003). Taking

advantage of the yeast model, mitochondrial fusion has been recently recapitulated in
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vitro. This approach dissected the fusion process into two mechanistically distinct,
resolvable steps: OMM fusion and IMM fusion. OMM fusion requires homotypic trans-
interactions of the Fzolp, the proton gradient component of the inner membrane
electrical potential, and low levels of GTP hydrolysis. Fusion of the IMM requires the
electrical component of the inner membrane potential and high levels of GTP
hydrolysis. However, time-lapse analysis of mitochondrial fusion in yeast and
mammalian cells, in vivo, clearly shows that fusion of the OMM and IMM is temporally
linked. These observations indicate that individual fusion machineries exist in each
membrane and that they can communicate in vivo, resulting in coupled outer and inner

membrane fusion (Meeusen et al., 2004).

3.2.2.2.1 Phospholipase D

Recent work reported the involvement of a novel phospholipase D isoform (mitoPLD),
possessing a MTS that directs it to the external face of mitochondria, in fusion of the
organelle. This lipid modifying enzyme participates in mitochondrial fusion by
hydrolyzing cardiolipin to generate phosphatidic acid (Choi et al., 2006). Phosphatidic
acid facilitates vescicular fusion driven by specialized SNARE-complexes. This
indicates for the first time the existence of a common mechanism between SNARE-

mediate vesicle fusion and MFN-mediated mitochondrial fusion.

3.2.2.2.2 Mitofusin Binding Protein

Mitofusin-binding protein (MIB) regulates mitochondrial morphology via its interaction
with  MFN1 (Eura et al., 2006). MIB is a member of the medium.chain
dehydrogenase/reductase protein superfamily and has a conserved coenzyme binding
domain (CBD). MIB needs an intact CBD domain to interact with MFN1, this interaction
results in inhibition of MFN1 function and mitochondrial fragmentation. Only 50% of
MIB is associated with mitochondria, the rest is in the cytosol or seems to be on
microsomes. However, the association of MIB with other membranes does not seem to

affect their morphology.

3.2.2.2.3 Degradation of mitofusins

The yeast mitofusin, Fzol, and likely Mfn1 and 2, is regulated by ubiquitination. During

mating, yeast mitochondria fragment and Fzol levels decrease. Interestingly, this loss
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of Fzol is attenuated by chemical inhibition (Neutzner and Youle, 2005) or genetic
inactivation (Escobar-Henriques et al., 2006) of the proteasome. During vegetative
growth, Fzol has been shown to be ubiquitinated on Lys 48 (Neutzner et al., 2007),
suggesting a proteasome-mediated degradative process on the outer mitochondrial
membrane. This resembles the ER-associated degradation (ERAD) pathway of
membrane-spanning protein removal and degradation. A recent work from Cohen and
colleagues confirmed that the degradation of Fzol by the 26S proteasome is regulated
by the complex composed by the F-box Mdm30 protein and Sk1-Cullin-F-box ubiquitin
ligases (Cohen et al., 2008). Expression levels of mammalian MFN1 and MFN2 can be
increased by treating cells with proteasome inhibitors (Karbowski et al., 2007),
suggesting that the ubiquitin proteasome pathway also regulates mitofusins in

mammals.

3.2.2.2.4 BAX and BAK and mitochondrial morphogenesis

The proapoptotic BCL-2 family members BAX and BAK seem to play an additional role
during life of the cell in controlling mitochondrial fusion. They are retrieved in a high-
molecular weight complex with MFN2 and their ablation reduces the rate of
mitochondrial fusion. Moreover, in Bax/Bak knock out cells the inhibition of DRP1
activity does not promote elongation of mitochondria, indicating that BAX and BAK
activate mitochondrial fusion without interfering with the normal fission process.
Consistent with a role of Bax and Bak in the regulation of Mitofusins activity, the
presence of Bax and Bak has been shown to alter the assembly, mobility and
distribution of Mfn2 complexes in healthy cells (Karbowski et al., 2006) and BAK
affinity for MFN1 and MFN2 changes during apoptosis, likely contributing to

mitochondrial fission during cell death (Brooks et al., 2007).

3.2.2.2.5 OPA1 processing

A further crucial level of control is exerted by the proteolytic cleavage of Mgm1/OPAL.
In yeast, at steady state, Mgm1p exists in a long I-Mgm1p and a short s-Mgm1p form
(Esser et al., 2002; Herlan et al., 2003) that results from the proteolytic cleavage of the

long form by the rhomboid proteases Pcplp (Herlan et al., 2003; McQuibban et al.,

34



2003; Sesaki et al., 2003a). Both |-Mgmlp and s-Mgmlp are necessary for
mitochondrial fusion, and deletion of Rbd1/Pcpl results in loss of fusion activity.

The regulation of OPAL processing in mammalian cells is matter of intense studies:
this field is complicated by the fact that in human cells OPALl is present in 8
alternatively spliced isoforms (Delettre et al., 2001). Opal variants are subject to a
complex post-translational cleavage, represented experimentally by five bands on a
Western Blot. Two higher molecular weight bands represent proteins integrated into
the IMM, whereas three lower MW bands reflect forms that can be released into the
IMS (Duvezin-Caubet et al., 2007).

Several groups proposed different proteases to be involved in OPALl processing.
Mihara and colleagues demonstrated that in mammalian cells the m-AAA protease
paraplegin is involved in a metal-binding site-dependent processing of OPAL (Ishihara
et al.,, 2006). Paraplegin is an ATP-dependent metallo-protease located in the
mitochondrial inner membrane with its catalytic site exposed to the matrix (Ishihara et
al., 2006). Dissipation of membrane potential, paraplegin overexpression, or induction
of apoptosis, stimulated OPA1l processing along with mitochondrial fragmentation
(produced by cleavage at S1, in exon 5, or S2 in exon 5b).

More recently, Duvezin-Caubet and collaborators have reconstituted Opal processing
in yeast. They demonstrated that homo-oligomeric m-AAA protease complexes
composed of murine AFG3L1, AFG3L2, or human Afg3I2 subunits cleaved Opal with
higher efficiency than paraplegin-containing m-AAA proteases, and Opal processing
proceeded normally in murine cell lines lacking paraplegin. Notably, certain Opal
processing products are preferentially formed depending on the splice variant analyzed
and on the subunit composition of the m-AAA protease (Langer et al., 2001). Tissue-
specific differences in the subunit composition of m-AAA protease isozymes as well as
in the expression of OPAL isoforms could explain why deficiencies in paraplegin in
mouse and human do result in cell type specific mitochondrial defects.

Using Opal-null cells, the group of D. Chan showed that only Opal mRNA splice
forms that generate a long form in addition to one or more short forms support
substantial mitochondrial fusion activity. By themselves, long and short Opal forms
have little activity, but, when coexpressed they functionally complement each other.
Loss of mitochondrial membrane potential destabilizes the long isoforms and
enhances the cleavage of Opal, regulated by the i-AAA protease YmelL (Song et al.,

2007). These data were confirmed by Rojo and collaborators in a recent paper, where
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they showed that metalloprotease-mediated processing of Opal is modulated by the
inner membrane potential and is likely mediated by the YMELL protease (Guillery et
al., 2008).

More recently, a role for prohibitins (Merkwirth et al., 2008) and stomatin-like protein 2
(Tondera et al., 2009) in the regulation of OPA1l cleavage has been proposed.
Prohibitins are membrane proteins found also in the IMM with a scaffolding function.
The ablation of prohibitins causes an excessive cleavage of OPA1 with a consequent
fragmentation of the mitochondrial network. Interestingly, the work of Tondera and
colleagues demonstrated that the processing of OPAl is crucial also in stress-
response conditions. Indeed, the authors observed that upon specific stresses, the
mitochondrial network elongates and the hyperfusion confers on cells a resistance to
stress. The long form of OPALl is necessary and sufficient to promote the stress-
induced hyperfusion and the long form maintenance during stress is ensured by SLP-
2, a mitochondrial inner membrane protein, member of the SPFH-family (prohibitin/
stomatin/ flotillin/ Hflk) with putative scaffolding function (Tondera et al., 2009).

The issue of OPAL processing is crucial if one thinks that OPAL could be a central
molecular player linking mitochondrial dysfunction with changes in mitochondrial
morphology. Dissipation of the mitochondrial membrane potential leads to fast
induction of proteolytic processing of Opal and concomitant fragmentation of
mitochondria. Proteolysis of Opal is observed in patients and in various model
systems of human disorders associated with mitochondrial dysfunction: in cybrid cells
from a patient with myoclonus epilepsy and ragged-red fibers syndrome, in mouse
embryonic fibroblasts harbouring an error-prone mitochondrial mtDNA polymerase vy, in
heart tissue derived from heart-specific TFAM knock-out mice and in skeletal muscles
from patients suffering from mitochondrial myopathies (Duvezin-Caubet et al., 2006).
In principle, mitochondrial dysfunction and depletion of mitochondrial ATP levels could
lead to Opal processing, inhibition of mitochondrial fusion, and therefore to
segregation of damaged mitochondria from the network of intact mitochondria
(Duvezin-Caubet et al., 2006; Baricault et al., 2007).

In our laboratory it has been demonstrated that OPA1 is a substrate of PARL, the
mammalian orthologue of Pcplp (Cipolat et al.,, 2006). Presenilin-associated
rhomboid-like (PARL), originally identified in a yeast two-hybrid screen as an interactor
of presenilin (Pellegrini et al., 2001), is an inner mitochondrial membrane protease of

the rhomboid family, characterized by the ability of cleaving proteins in the
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transmembrane domain. The PARL-mediated OPAl processing results in the
generation of a form of the protein soluble in the intermembrane space. The
processing is not related to the regulation of the prototypical function of OPALl in
fusion, but to its role in apoptosis (Frezza et al., 2006). Indeed, Parl-/- mitochondria
undergo faster apoptotic cristae remodelling and cytochrome c release. The role of
OPA1 in apoptosis and mitochondrial cristae shape control will be discusse more in
detail in the section 3.3.3.1.1.

3.3 Apoptosis

The term apoptosis was first coined by Currie and colleagues in 1972 to describe a
common, conserved, programmed type of cell death that the authors repeatedly
observed in various tissues and cell types, morphological distinct from necrotic cell
death (Kerr et al., 1972).

In multicellular organisms, apoptosis ensures the precise and orderly elimination of
surplus or damaged cells. Cell death during embryonic development is essential for
successful organogenesis and crafting of complex multicellular tissues: elimination of
the webbing between digits in humans and mice, and the deletion of mammary tissue
in males are good examples of this. During adulthood, it ensures the maintenance of
normal cellular homeostasis and regulation of immunity. Conditions that increase or
decrease normal cell death levels in different tissues can result in disease: insufficient
apoptosis manifests as cancer or autoimmunity, while accelerated cell death is evident
in acute and chronic degenerative diseases (Meier et al., 2000; Kroemer and Zitvogel,
2007; Kerr et al., 1972).

The fact that apoptosis is characterized by a stereotyped series of morphological and
biochemical changes (Krammer, 2000) suggests that a common intracellular pathway
ultimately leads to cell demise in a coordinated fashion, independently of the specific
activating event. Depending on the cell type and the death stimulus, two main
apoptotic pathways are activated: the intrinsic pathway, which is triggered by
intracellular apoptotic signals and is almost always mediated by mitochondria; and the
extrinsic pathway, which is triggered by activation of specific death receptors at the cell
surface [reviewed in (Hacker, 2000)], and leads to pro-caspase 8 recruitment and
activation. Caspase 8 can cleave other caspases (type | cells), or generate truncated
Bid (tBid) that in turn triggers the mitochondrial amplification loop (type Il cells).
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3.3.1 Mitochondrial involvement in apoptosis

Mitochondrial involvement in apoptosis has been well characterized in the last 10
years. Its two main features include the release of proteins from the intermembrane
space (IMS) and the initiation of a programme of dysfunction that includes the loss of
the proton electrochemical gradient across the inner membrane. Molecular
mechanisms are still under investigation and probably crosstalk mediate these two
events (Bernardi et al., 2001).

The mitochondrion is at the core of the intrinsic apoptosis pathway, and provides a
reservoir for protein factors that induce caspase activation. Mitochondria release into
the cytosol a plethora of pro-apoptotic factors, such as cytochrome ¢, Smac/DABLO
and Omi/HtrA2, which inhibit the cytosolic inhibitor of apoptosis proteins (IAPS)
responsible for caspase inhibition; AIF and endonuclease G, which migrate in the
nucleus to induce chromatin cleavage and condensation (Kroemer and Zitvogel, 2007).
The most studied protein cofactor released by mitochondria in response to an
apoptotic stimulus is cytochrome c (Liu et al.,, 1996). Nevertheless, the precise
mechanism whereby cytochrome c¢ and other mitochondrial intermembrane space
proteins are released is still under active investigation.

Several hypothesis have been proposed to explain the egress of cytochrome ¢ from
mitochondria; these mechanisms may either function on their own or in cooperation: (i)
in response to an apoptotic stimulus, the “BH3-only” subset of proapoptotic BCL-2
family members senses death signals and transmits them to the “multidomain”
proapoptotics like Bax and Bak. These ultimately oligomerize in the mitochondrial outer
membrane and form pores permitting the physical efflux of cytochrome c and of the
other mitochondrial apoptotic cofactors. (i) proapoptotic BCL-2 family members
interact with intrinsic proteins of mitochondria, triggering mitochondrial dysfunction and
permeability transition. (iii) Mitochondrial membrane permeabilization may result from
an alteration in membrane curvature or from the formation of lipidic pores in the OM.
Anyway, permeabilization of the MOM alone results only in the partial release of
cytochrome c into the cytosol: the complete release of cytochrome ¢ occurring during
apoptosis requires the structural remodelling of the mitochondrial cristae.
Independently from the precise mechanism of cytochrome c egress from mitochondria,
the BCL-2 family proteins appear as critical death regulators. This family of proteins,

consisting of both pro- and antiapoptotic members, possesses conserved [I-helices
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with sequence conservation clustered in BCL-2 homology (BH) domains. Antiapoptotic
members exhibit the homology in all segments from BH1 to 4, while proapoptotic
molecules lack stringent sequence conservation of the first a-helical BH4 domain.
Proapoptotic molecules can be further subdivided into multidomain and BH3-only
proteins. Multidomain proapoptotic members such as BAX and BAK display sequence
conservation in BH1-3 domains. BH3- only members display sequence conservation
solely in the amphipathic a -helical BH3 region (Scorrano and Korsmeyer, 2003).
Nowadays it is clear that the decision to die or not depends on the balance resulting
from the activation of proapoptotic and antiapoptotic members of the BCL-2 family
(Danial and Korsmeyer, 2004).

In a widely accepted model, the BH3-only members connect upstream proapoptotic
signals to the mitochondrial pathway. Once activated, BH3-only proteins function as
ligands for the multidomain proapoptotics BAX and BAK, induce their
homo/heterooligomerization and ultimately release cytochrome ¢ from mitochondria
(Scorrano and Korsmeyer, 2003). As mentioned above, other mechanisms (for
example: permeability transition or alteration of membrane curvature) may cooperate
with multidomain proapoptotics during cytochrome c release.

While such a model appears substantiated by several evidences, how antiapoptotic
BCL-2 family members oppose their proapoptotic counterparts is less clear. It has
been proposed that BCL-2 and BCL-XL sequester BH3-only molecules, preventing
activation of the multidomain proapoptotics (Cheng et al., 2001). Alternatively,
antiapoptotic proteins could keep BAX and BAK in an inactive conformation,
antagonizing binding to the incoming BH3-only proteins (Willis et al., 2005).

Once released, cytosolic cytochrome ¢ binds to APAF-1, increasing its affinity for
dATP/ATP. The complex composed by APAF-1, cytochrome ¢, dATP and ATP forms
the apoptosome. The apoptosome is able to recruit procaspase-9, facilitate its auto-
activation and subsequently leads to the activation of downstream executioner
caspases, cysteine proteases, that effect cell demise (Zou et al., 1999; Rodriguez and
Lazebnik, 1999). Executioner caspases then cleave other intracellular substrates
leading to the characteristic morphological changes in apoptosis such as chromatin
condensation, nucloesomal DNA fragmentation, nuclear membrane breakdown,
externalization of phosphatidylserine (PS) and formation of apoptotic bodies
(Hengartner, 2000).

39



3.3.2 Mitochondrial network morphology and apoptosis

Early in the course of programmed cell death, mammalian mitochondria coordinately
fragment and undergo a reorganization of their cristae, called “cristae remodeling”, in
order to release most of their cytochrome c content (Frank et al., 2001; Scorrano et al.,
2002; Germain et al., 2005). Mitochondrial fission is an early trait of apoptosis,
occurring simultaneously to BAX translocation from the cytosol, and before activation
of caspases (Frank et al., 2001). Although mitochondrial fragmentation is a common
event during cell death, it is not yet clear whether fragmentation of the mitochondrial
network is necessary and sufficient for induction of cell death. The fragmented
appearance of mitochondria is caused by a combination of activation of the fission
machinery and inhibition of the fusion one(Lee et al., 2004). The importance of
mitochondria-shaping proteins and of mitochondrial shape changes in regulating
mammalian apoptosis is substantiated by genetic evidences showing that inhibition of
fission, as well as promotion of fusion counteract apoptosis by intrinsic, mitochondria
utilizing stimuli [reviewed in (Youle and Karbowski, 2005)]. The dynamin-related
protein Drp-1 and endophilin B1, a fatty acil transferase, translocate from the cytosol to
foci on mitochondria early during apoptosis and they probably mediate mitochondrial
apoptotic fission (Frank et al., 2001; Germain et al., 2005; Breckenridge et al., 2003).
On the other hand, apoptosis can be inhibited by antagonizing the fission process. The
down regulation of Drp-1 activity by RNAI or by overexpression of a dominant negative
mutant Drp-1K38A, inhibits apoptosis and mitochondrial fragmentation, although Bax
did translocate to mitochondria and coalesce into foci with Bak (Karbowski and Youle,
2003; Frank et al., 2001). Inhibition of FIS1 also protects from apoptosis , while its
overexpression induced apoptosis (James et al., 2003; Alirol et al., 2006).

Recent works show that early in the course of cell death, MFN1 mediated fusion is
suppressed and the concomitant overexpression of both mitofusins protects from
apoptosis induced by intrinsic stimuli like BID and etoposide (Sugioka et al., 2004).
Down regulation of OPALl levels induces fragmentation of mitochondrial network,

release of cytochrome ¢ and apoptosis (Olichon et al., 2003).

3.3.3 Apoptotic cristae remodelling and cytochrome ¢ mobilization
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As mentioned above, the permeabilization of the OMM by BAX and BAK activation
alone results only in the partial release of cytochrome c in the cytosol. Additional steps
as the fragmentation of the mitochondrial network (Frank et al., 2001) and the
remodelling of the cristae characterized by fusion of individual cristae and opening of
the cristae junctions are required to grant the complete release of the proapoptotic
factor (Scorrano et al., 2002).

Following several death stimuli, including the BH3-only protein BID (Scorrano et al.,
2002), BIK (Germain et al., 2005), BIM (Yamaguchi et al., 2008) or after Fas pathway
activation (Mootha et al., 2001), mitochondria remodel their internal structure and
cytochrome c is mobilized from the intra-cristae compartment toward the IMS for its
subsequent release across the OMM. tBID induces transient openings of the PTP and
the coordinated cristae remodelling has been proved BH3 independent, BAK
independent, yet CsA inhibitable (Scorrano et al., 2002) (Figure 1 C, D).

Cytochrome c is a water-soluble basic protein that is present as loosely and tightly
bound pools attached to the inner membrane by its association with the anionic
phospholipid cardiolipin. This association facilitates electron transport between
complexes Il and IV of the respiratory chain and the binding is specific and
stoichiometric (Tuominen et al., 2002). During apoptosis, the detachment of
cytochrome c¢ from its high affinity cardiolipin binding sites is crucial for a complete
release of the protein (Ott et al., 2002).

3.3.3.1 Factors that affect the shape of cristae

Several proteins have been implied in the regulation of the IMM topology. In the
buddying yeast, mitochondrial FLIFOATP synthase, is essential for normal cristae
structure (Paumard et al., 2002). This role in inner membrane structure involves a
dimeric form of ATP synthase that contains the additional subunits ¢ and y. As
visualized by electron microscopy, the ATP synthase dimer has a dimeric interface
with a sharp angle that could distort the local lipid membrane. This distortion might
contribute to the high membrane curvature that characterizes cristae tubules (Dudkina
et al., 2005; Minauro-Sanmiguel et al., 2005). Along this line, Mgm1p is required for the
oligomerization of ATP synthase, suggesting a link between these two proteins in

mitochondrial morphology (Amutha et al., 2004).
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Another protein involved in cristae shape regulation is Mitofilin. Mitofilin, also known as
heart muscle protein, is a 90 kDa inner-membrane protein, with predicted membrane
anchor and coiled-coil domains with an amino-terminal transmembrane domain, while
the majority of the protein is extruding into the intermembrane space (Gieffers et al.,
1997). John et al. have reported that down-regulation of mitofilin in HelLa cells by
SiRNA results in the formation of concentric onion-like inner mitochondrial membranes
(John et al.,, 2005). The larger IMM structures were found to be composed of a
complex, interconnected network of membranes totally lacking tubular connection to
each other or to the peripheral inner membrane. Thus, the authors have proposed that
mitofilin’s physiological role is to maintain normal cristae morphology, in particular, the
formation or stabilization of cristae junctions. Recently, the group of Capaldi
demonstrated that mitofilin resides in a mitochondrial complex spanning from the IMM

to the OMM that can have an implication in regulating protein import (Xie et al., 2007).

3.3.3.1.1 The role of OPAL1 in cristae remodelling

Studies from our laboratory demonstrated that OPAl is a crucial player in the
regulation of cristae shape and remodeling. OPAL is the only member of the dynamin-
related protein family known so far to be resident in the IMM and this suggested OPA1l
as the natural candidate to control IMM shape.

Early studies showed that the mitochondrial fragmentation caused by down regulation
of Opal was accompanied by organelle dysfunction and cytochrome c release.
Interestingly, EM analysis of OPA1-depleted cells suggested that this protein may have
a role in cristae maintenance (Griparic et al., 2004; Olichon et al., 2003; Sesaki et al.,
2003b; Sesaki et al., 2003a) since disorganized cristae with irregular shape, some of
which showed large cristae junctions were observed. A possible role of OPA1/Mgm1 in
structuring cristae is consistent with its mitochondrial localization which is basically in
the cristae, as confirmed by biochemical (Griparic et al., 2004; Olichon et al., 2003)
(Pelloquin et al., 1999; Wong et al., 2000) and immunogold staining (Vogel et al.,
2006), even if it is not clear whether it concentrates at the cristae junction.

The evidence of a role of OPAL in apoptotic cristae remodelling has been provided by
a recent work from our laboratory. Cristae junctions are held together by OPAl
oligomers formed by integral inner membrane long forms and more soluble PARL-
processed short forms. Incubating isolated mitochondria with BID induces a disruption

of OPA1 oligomers and alters cristae morphology (Frezza et al., 2006). Furthermore,
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the Bid-induced increase of cytochrome c release into the intermembrane space from
within the cristae is blocked by overexpression of OPA1, whereas expression of Opal
mutated in the GTPase domain increases the width of cristae junctions. Interestingly,
OPA1 efficiently protects cells lacking Mfnl, essential for OPAl-mediated
mitochondrial fusion (Cipolat et al., 2004) and doubly Mfn null MEFs where fusion is
completely abolished (Chen et al., 2003). Thus, OPA1 has genetically and molecularly
distinct functions in mitochondrial fusion and cristae remodelling during apoptosis.

The importance of a correct proteolytic processing of OPAL in its role in cristae shape
maintenance has been confirmed by a study from Merkwirth and colleagues that
identified Prohibitin (Phb) 1 and 2 as regulators of OPA1 cleavage. Phbl and 2 are
membrane proteins located in the nucleus, plasma membrane and IMM with a
potential scaffolding function. The ablation of prohibitins causes an impaired
processing of OPA1 with the accumulation of short forms and disappearance of the
long forms that leads to fragmented mitochondrial network and aberrant cristae
morphogenesis. Moreover, the presence of altered cristae correlates with enhanced
sensitivity to apoptotic stimuli and increased cytochrome c release (Merkwirth et al.,
2008).

Interestingly, a study by the group of Shore showed DRP1-dependent remodeling of
the IM during apoptosis, demonstrating for the first time a connection between
mitochondrial fragmentation and cristae remodeling (Germain et al., 2005). More
recently, Mopert and colleagues demonstrated that the inhibition of DRP1 expression
by siRNA, besides inducing the formation of a highly branched mitochondrial network
along with “bulge”-like structures, causes changes in the levels of Mitofusins and more
importantly modifies the proteolytic processing of OPA1. The increase of short forms of
OPA1 could correlate with the formation of bulges characterized by accumulated
intramitochondrial cytochrome c deposits (Mopert et al.,, 2009). Whether OPAl
processing alterations are a direct cause of the imbalance of the fission-fusion turnover
or result from the mitochondrial dysfunctions induced by silencing of DRP1 (Parone et
al., 2008a; Benard et al., 2007) is still unknown. However, these results suggest that
OPAl can work as a molecular link between mitochondrial network morphology,

organelle dysfunction and inner mitochondrial membrane cristae structure.

3.4 Mitochondrial dynamics and neurodegeneration
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The nervous system is characterized by high energy demands to maintain proper
neuronal functions such as axonal and dendritic transport, plasma membrane potential
maintenance and release and reuptake of neurotransmitters at the synapses (Chan,
2006). Mitochondrial function is essential to neuronal processes since, unlike other cell
types, neurons cannot switch to glycolysis when oxidative phosphorylation is impaired.
Therefore, it is not so surprising that mutations in proteins regulating mitochondrial
shape and transport contribute to neurodegenerative diseases (Glater et al., 2006).
Moreover, recent findings suggest that in other common hereditary and sporadic
neuropathies, such as Parkinson’s (Mandemakers et al., 2007) and Alzheimer Disease

(Wang et al., 2009b; Cho et al., 2009), mitochondrial functions and shape are altered.

3.4.1 Mitochondrial dynamics in neurons

Synaptic function and maintenance are crucial for neuronal survival and efficient cell-
to-cell communication. In this regard, mitochondria are highly relevant since synapses
have high energy and calcium buffering demands (Jonas, 2006). Several studies
indicate that mitochondrial fission is necessary for synaptic maintenance and plasticity.
DRP1 overexpression in hippocampal neurons from rat embryos promoted
synaptogenesis, whereas overexpression of the pro-fusion OPA1l and of a dominant
negative mutant of DRP1 blocked it, probably by affecting mitochondrial distribution, as
indicated by the inhibition of the redistribution and the extension of mitochondria into
the active dendritic protrusions induced by the stimulation of synapses (Li et al., 2004).
Similarly, Bcl-X, increases synapse number and function by promoting GTPase activity
of DRP1 (and thus DRP1 mediated fission) in cultured hippocampal neurons (Li et al.,
2008). These results have been definitely confirmed by the observation that primary
cultures of neurons from the forebrain of conditional Drpl knock out mouse showed a
decreased number of neurites and defective synapses formation, likely due to the
aggregation of mitochondria in the cell body (Ishihara et al., 2009). On the functional
side, expression of a dominant negative Drpl in Drosophila prevented the mobilization
of the neurotransmitter reserve pool, substantiating the role of mitochondria in the
proper function of synapses (Verstreken et al., 2005; Rikhy et al., 2007).

Finally, an appropriate balance of mitochondrial fusion and fission events is also
necessary to maintain and protect mtDNA (Rapaport et al., 1998; Nakada et al., 2001;

Ono et al.,, 2001; Parone et al.,, 2008b). This function appears to be particularly
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important for neurons, since mtDNA mutations are known to accumulate in the brain
with age (Corral-Debrinski et al.,, 1992) and they are a common feature of

neurodegenerative diseases.

3.4.2 Mutations in mitochondria-shaping proteins and neurodegeneration

3.4.2.1 Opal and ADOA

Mutations of OPA1 are associated with autosomal dominant optic atrophy (ADOA),
also known as type | Kjer disease, the most common form of inherited optic
neuropathy, with an estimated prevalence of 1:50000 (Alexander et al., 2000; Delettre
et al., 2000). Linkage analysis has revealed that OPAL, mapping to 3928-qg29, is the
major locus (Votruba et al., 1997) and a positional cloning approach similarly identified
this gene as being responsible for OPA1-type DOA (Alexander et al., 2000).

The clinical features of ADOA are the decrease in visual acuity, tritanopia
(dyschromatopsia characterized by confusion in the blue-yellow hues), sensitivity loss
in the central visual fields, and pallor of the optic nerve (Votruba et al., 1998; Ferre et
al., 2005a). Classic DOA usually begins before 10 years of age, with a large variability
in the severity of clinical expression, which may range from non-penetrant unaffected
cases up to very severe, early onset cases, even within the same family carrying the
same molecular defect (Delettre et al., 2002; Carelli et al., 2004). Histopathology
studies have shown diffuse atrophy of the ganglion cell layer that predominates in the
central retina and loss of myelin and nerve tissue within the optic nerve (Kjer et al.,
1996).

Most of the mutations associated with ADOA cluster in the GTPase and in the coiled
coil domain of Opal (Ferre et al., 2005b). Almost 50% of mutations in the OPA1 gene
described to date are predicted to lead to a truncated protein and suggest that
haploinsufficiency is the cause of the disease (Marchbank et al., 2002; Pesch et al.,
2001). Nearly 40% of mutations occurs in the GTPase domain and may cause a
dominant negative effect, impairing the mechanoenzymatic activity of the protein
complexes. This possibility is reinforced by the fact that two mouse models of Opal
mutation (a GTPase missense and a nonsense, truncative mutation) display minimal

retinal defects in the heterozygous status (Alavi et al., 2007; Davies et al., 2007).
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It remains unclear why Opal-ADOA manifests with an apparently restricted clinical
ocular phenotype, comprising RGC loss. Opal is ubiquitously expressed throughout
the body: in the heart, skeletal muscle, liver, testis, and most abundantly in the brain
and retina. In the human retina, Opal is present in the cells of the RGC layer, nerve
fibre layer, the photoreceptor layer, and the inner and outer plexiform layers (IPL &
OPL). A plausible hypothesis as to why RGC neurons may be more vulnerable to
OPA1 inactivation could be a particular susceptibility to mitochondrial membrane
disorders inducing mitochondrial dysfunction or mislocalization. Indeed, reports
describe altered mitochondrial ATP synthesis and respiration in OPAl-inactivated cells
(Amati-Bonneau et al., 2005a; Chen et al., 2005). Moreover, recent studies show the
effect of mitochondrial morphology regulation on mitochondrial distribution in neurons
and their contribution to dendrite formation and synaptic plasticity (Li et al., 2004). This
could be of particular importance in RGC neurons that display a specific distribution of
mitochondria in the cell body, myelinated and unmyelinated axons (Andrews et al.,
1999; Bristow et al., 2002; Wang et al., 2003). Additionally, the defects in ADOA can
be ascribed to the loss of the crucial control exerted by OPA1 on the structural
organization of the cristae and apoptosis (Arnoult et al., 2005; Griparic et al., 2004; Lee
et al., 2004; Olichon et al., 2003; Frezza et al., 2006). It is worthy to note that miss-
sense point mutations in the highly conserved GTPase domain are responsible for a
syndromic form of DOA associated with sensori-neural deafness, ataxia, axonal
sensory-motor polyneuropathy, chronic progressive external ophthalmoplegia and
mitochondrial myopathy (Amati-Bonneau et al., 2005b). Moreover, increasing evidence
show a subclinical involvement of non-neuronal tissues, characterized by defects in
mitochondrial dynamics (Delettre et al., 2000; Spinazzi et al., 2008), function (Lodi et
al., 2004) and mtDNA content, thus revealing an unrecognized role of the Opal protein
in mtDNA stability.

3.4.2.2 Mfn2 and Charcot-Marie Tooth type 2A

In 2004, work by Zuchner et al. mapped the mutations responsible for Charcot-Marie-
Tooth 2A (CMT2A), and identified MFN2 as being the gene responsible for the
disorder. CMT is one of the most common inherited disorders in humans, with an
estimated prevalence of one in 2500 individuals. CMT neuropathies can be divided into

2 main groups, type 1 and type 2. In CMT1, nerve conduction velocities are
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considerably reduced. In CMT2, the nerve conduction velocities are normal but
conduction amplitudes are decreased, due to the loss of nerve fibres (Zuchner et al.,
2004).

CMT2A is a neurodegenerative disorder characterized by the loss of sensory and
motor axons at early stages of the disease and resulting in the degeneration of the
neurons themselves during a later stage of the disease. The clinical symptoms of CMT
are distal weakness of the lower limbs, sensory loss, decreased reflexes and foot
deformities. Other symptoms include cranial nerve involvement, scoliosis, vocal cord
paresis and glaucoma (Lawson et al., 2005). Mutations in MFN2 account for around
20% of CMT?2 cases, making this the most prevalent axonal form of CMT. Most MFN2
mutations in CMT2A cluster within the GTPase and the RAS-binding domains and are
missense mutations (Zuchner et al., 2004; Lawson et al., 2005; Kijima et al., 2005).
Recently, a de novo truncation mutation in MFN2 has been associated to CMT2 and
optic atrophy (also known as hereditary motor and sensory neuropathy VI, HMSN VI)
(Zuchner and Vance, 2006).

Mfn2 is up-regulated in the skeletal muscle of obese patients (Bach et al., 2003) and
its over-expression suppresses vascular muscle cells proliferation in animal models of
hypertension via sequestration of p21RAS, inhibition of the ERK/MAPK cascade and
cell cycle arrest (Chen et al., 2004).

3.4.2.3 Drpl

To date just one clinical case involving mutations in the gene coding for DRP1 has
been described (Waterham et al., 2007). The patient showed microcephaly, abnormal
brain development and optic atrophy at birth and he died at 1 month of age. The
elevated lactate concentrations in blood and cerebrospinal fluid suggested a
compromised function of mitochondria and accumulation of cerotic acid in plasma
suggested a defect in peroxisomal beta-oxidation. The disorder is caused by an
heterozygous mutation (A395D) in the middle domain of DRP1, that acts in a
dominant-negative manner, likely interfering with DRP1 homo-oligomerization.
Consistently with the role of DRPL1 in the regulation of mitochondrial and peroxisomal
shape (Koch et al., 2003; Li and Gould, 2003; Koch et al., 2005), fibroblasts form the
patient display abnormally elongated mitochondria and peroxisomes. Several of the

observed abnormalities were similar to CMT neuropathy (e.g., truncal hypotonia and
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lack of tendon reflexes) and ADOA (e.g., optic atrophy) but the clinical course was
more severe, suggesting that defects in mitochondrial fission have more severe
consequences that alterations in fusion and that the clinical presentation can be

exacerbated by the additional defect in peroxisomal fission.

3.4.3 Mitochondria morphology in common neurodegenerative diseases: the
case of Parkinson’s Disease

Parkinson disease (PD) is the second most common neurodegenerative disease after
Alzheimer disease. PD is characterized by the progressively diminished ability to
initiate voluntary movement due to the loss of dopaminergic neurons in the Substantia
Nigra. Most of the cases of PD are sporadic, but genetic studies identified pathogenic
mutations in five genes: alpha synuclein, PTEN-induced putative kinase 1 (PINK-1),
the cytosolic ubiquitin E3 ligase protein Parkin (Shimura et al., 2000), DJ-1 and
leucine-rich repeat kinase 2 (LRRK2) (Lesage et al.,, 2009). A mitochondrial
involvement in PD pathogenesis is strongly supported by evidence that in sporadic
cases activity of the mitochondrial respiratory chain complex | is significantly impaired
and that several of the proteins mutated in the familiar forms are localized on
mitochondria and regulate their functions (Henchcliffe et al., 2008). Parkinson-like
clinical syndrome can be induced by pharmacological inhibition of complex | and this
treatment causes DRP1-dependent mitochondrial fragmentation (De Vos et al., 2005),
suggesting a role for abnormal mitochondrial dynamics in the disease. Interestingly,
prevention of mitochondrial fission by overexpression of Mfnl or dominant negative
DRP1 protects from neuronal cell death (Barsoum et al., 2006). Genetic factors
associated with PD also cause changes in mitochondrial dynamics. The ablation of the
sensor of oxidative stress DJ-1 in MEFs causes mitochondrial fragmentation
(Blackinton et al., 2009). More controversial is the effect of the PINK1/Parkin pathway
on mitochondrial shape. Studies in Drosophila indicate that ablation of PINK1 causes
deep remodelling of cristae structure and the phenotype can be rescued by Parkin
overexpression (Clark et al., 2006; Park et al., 2006; Yang et al., 2006). Moreover,
modulation of fission and fusion machineries in Drosophila single knock out for PINK1
and Parkin suggests that this pathway promotes mitochondrial fission and/or inhibit
fusion ((Deng et al., 2008; Poole et al., 2008; Park et al., 2009a; Yang et al., 2008).
While some studies in mammalian cells support this notion (Yang et al., 2008;
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Mortiboys et al., 2008), others show that silencing of PINK1 and Parkin cause
mitochondrial fragmentation (Park et al., 2009b; Lutz et al., 2009; Exner et al., 2007;
Sandebring et al., 2009), as also observed in fibroblasts from PD patients carrying
PINK1 mutation (Exner et al., 2007; Grunewald et al., 2009). The role of parkin in
mitochondrial dynamics may go beyond regulating fission and fusion. A recent study
from Narendra and colleagues (2008) shows that parkin is recruited to mitochondria
upon mitochondrial depolarization and promotes organelle fission and mitophagy
(Narendra et al., 2008). Therefore, it is tempting to speculate that PINK1 and parkin
work in tandem to coordinate fission of dysfunctional mitochondria and target them to
degradation (Dagda and Chu, 2009; Cherra, Il et al., 2009).

When this Thesis started, less was known about the role of mitochondrial dynamics in
Huntington’s Disease. Therefore, we focused on the study of mitochondrial
morphological and structural alterations in HD and their contribution to the progression
of the disorder. Molecular and pathological mechanisms involved in the pathogenesis

of the disease will be described in detail in the following sections.

3.5 Huntington’s Disease

Huntington’s Disease is an autosomal dominant neurodegenerative disorder that
occurs with a frequency of approximately 1 in 10,000 individuals in most populations of
Caucasian descent. (Hayden et al., 1981; Harper, 1991; Vonsattel and DiFiglia, 1998).
The earliest mentions of Huntington’s Disease date back to the first half of the XIX
century when symptoms, progression and heredity of the disease started to be
described. The name of the disorder is given by the American physician George
Huntington who in 1872 presented a detailed definition of the disease and unknowingly
described its autosomal dominant inheritance pattern. The precise causal gene,
already mapped in human chromosome 4 in 1983, was isolated 10 years later and the
mutation responsible for the onset of the disease was described (1993). Although in
the last years considerable advances have been done in the understanding of the
pathophysiology of this devastating disorder, the pathological mechanisms underlying
the syndrome haven’t been completely unravelled and an effective therapy is still
missing, making Huntington’s Disease the subject of intensive and increasing

research.
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3.5.1 Genetics of Huntington’s disease

Huntington’s disease is an autosomal dominant genetic disorder caused by the
expansion mutation beyond 36 CAG repeats in the IT15 gene, located in the short arm
of chromosome 4 (4p16.3) (1993; Kremer et al., 1994). The mutation resides in the first
exon of the gene encoding for the protein Huntingtin and results in the expansion of a
polyglutamine domain.

The age of onset of symptoms inversely correlates with the CAG repeat number (1993;
Duyao et al., 1993; Andresen et al.,, 2007) and expansions of approximately 70
glutamines are more present in juvenile case of HD. Homozygous patients show,
despite a similar age of onset to heterozygous patient, higher severity and faster
progression of the disorder (Squitieri et al., 2003). Moreover, particularly when the
mutation is inherited paternally, the age of onset of the disease decreases due to an
increase in the number of repeats in successive generations, a phenomenon termed
genetic anticipation (Duyao et al., 1993; Leeflang et al., 1999; Wheeler et al., 1999;
Kennedy and Shelbourne, 2000). Although the number of CAG repeats accounts in
large part for the variance in the age of onset of the first symptoms, several studies
show that heritable factors in humans can alter the course of HD. Thus, nowadays
many research groups are focusing their efforts on the discovery of genetic modifiers
that could disclose still unknown mechanisms and could also represent new potential

therapeutic targets (Gusella and Macdonald, 2009).

3.5.2 Symptoms and clinical features

Huntington’s Disease is associated with abnormality in voluntary and involuntary
movements (choreoathetosis) that affects primarily limbs, the oro-bucco-facial regions
and eyes and it progressively worsen over the course of the disease. Psychiatric
disturbances like depression, apathy, violent behaviour are prevalent and may appear
before the onset of significant motor impairment. Patients are commonly affected by
cognitive deficits as impairment of general intellectual abilities and memory that are
exacerbated in the late stages of the disease producing an intellectual state that
approaches the range of mental retardation [for a review (Purdon et al.,, 1994)].
Moreover, patients shows muscle wasting and weight loss, despite constant caloric

intake ((Sanberg et al.,, 1981; Kirkwood et al., 2001; Djousse et al., 2002a).The
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majority of patients start to show the symptoms at 40-50 years of age and the disease
terminates into death 10-20 years after the onset of the first clinical alterations (Martin
and Gusella, 1986; Ho et al., 2001).

Huntington’s disease is characterized by progressive atrophy, loss of neurons and
gliosis mainly in the basal ganglia and secondarily in the cortex. The most affected
tissue is the striatum (caudate and putamen nuclei) that shows massive loss of
GABAergic projection medium-sized spiny neurons, that correspond to the 95% of the
striatal neuronal population (Vonsattel et al., 1985; Ferrante et al., 1991). In late stages
of the disease also non striatal structures are affected, as cortex, globus pallidus,

thalamus,substantia nigra and cerebellum.

3.5.3 Huntingtin protein

Huntingtin is a 350kDa protein that bears no homology to any known protein. It is
ubiquitously expressed with highest levels in brain, testis and to a lesser extent in
heart, liver and lung (Schilling et al., 1995; Sharp et al., 1995). At the cellular level, the
protein is found in the cytoplasm, in neuritis and synapses where it associates with
various vesicular structures, endoplasmic reticulum, the Golgi apparatus and
microtubules (DiFiglia et al., 1995; Gutekunst et al., 1995; Velier et al., 1998; Metzler et
al., 2001). Huntingtin is also detected in the nucleus where it interacts with
transcription factors and spliceosome related proteins (De Rooij et al., 1996; Kegel et
al., 2002; Takano and Gusella, 2002; Zuccato et al., 2001a). Interestingly, the protein
has been observed directly associated with mitochondria (Gutekunst et al., 1998;
Panov et al., 2002a; Choo et al., 2004a). According to its subcellular localization,
Huntingting exerts different functions, from the regulation of organelle trafficking and
vesicular endocytosis in the cytoplasm, to the control of the expression of specific
target genes in the nucleus. A strong contribution to the understanding of the
physiological functions of Huntingtin comes from the identification of its numerous
molecular interactors (Kaltenbach et al.,, 2007). Relevant examples include the
Huntingtin associated protein 1 (HAP1) which interacts with the dynactin complex
supporting a role for Huntingtin in intracellular transport (Li and Li, 2005; Li et al.,
1998a) and huntingtin interacting protein 1 (HIP1) that binds alpha-adaptin and clathrin
suggesting an involvement in endocytosis (Li et al., 1995; Kalchman et al., 1997,

Wanker et al., 1997).
51



The generation of a KO mouse model for Huntingtin revealed that the protein is
essential for embryonic development and it exerts an indispensable anti-apoptotic
function since the null embryos show massive cell death in the ectoderm at E7.5
(Zeitlin et al., 1995a). Interestingly, embryonic lethality can be rescued by the
expression of a mutant form of Huntingtin, suggesting that the protein function during
development is independent from the length of the polyglutamine domain (Dragatsis et
al., 2000). Huntingtin is also necessary for neurogenesis and normal hematopoiesis
(White et al., 1997a; Metzler et al., 2000).

3.5.4 Models for Huntington’s Disease

Several models for HD have been generated expressing the mutant gene in a number
of different organisms, including C. Elegans, drosophila, mice and rats (Steffan et al.,
2001; Faber et al., 1999; von Horsten et al., 2003). Rodent models appear to be the
most useful for examining the contribution of different cellular mechanisms of disease
and for testing the efficacy of putative therapeutics. Mouse models of HD fall into three
broad categories:
0] mice expressing exon-1 fragments of human huntingtin gene containing
polyglutamine mutations, in addition to both murine wt huntingtin alleles
[R6/2 (Cha et al., 1998; Lodi et al., 2000); R6/1; N171 (Schilling et al., 1999);
HD 100 and HD 46 (Laforet et al., 2001); Tet-Off (Yamamoto et al., 2000)];
(i) mice expressing the full length human huntingtin gene [YAC (Hodgson et al.,
1999a); HD 89 (Schilling et al., 1999)];
(i) mice with pathogenic CAG repeats inserted in the endogenous murine allele
[Hdh knock-in (Wheeler et al., 2000; White et al., 1997b); CAG knock-in
(Levine et al.,, 1999); Hdh 150Q (Lin et al.,, 2001) ; Hdh 4/6 knock-in
(Shelbourne et al., 1999); HD/Hdh chimera (ishiguru H. 2001)].
Even if the phenotypes vary greatly between mouse models some generalities can be
drawn from comparing the available mouse lines. Firstly, mice require longer CAG
repeats than human to elicit pathogenic events. Second, the age of onset of the
symptoms decreases when the N-terminal fragment of mutant huntingtin is expressed.
However, although the expression of full length mutant huntigtin causes slower
progression of the disease, the pattern of neurodegeneration resembles more closely

human HD pathology.
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Cell lines from peripheral tissues from HD patients have also been established. Even if
the most affected tissue in HD is the striatum, myoblasts, fibroblasts and blood cell
lines have been demonstrated to reflect changes observed in HD brains, hence
representing a good model to study the disease. In particular, B lymphocytes cell lines
have been widely used to study calcium homeostasis alteration and mitochondrial
dysfunctions (Panov et al., 2002b; Almeida et al., 2008).

3.5.5 Pathological mechanisms

The mechanisms that lead to neuronal cell loss in Huntington’s Disease are believed to
be activated by the contribution of both the gain of toxic functions of mutant huntingtin
and the loss of functions of the wt protein. It is worthy to mention that Huntington’s
Disease is one of the nine known inherited neurological diseases caused by the CAG
repeat expansion mutation. This group of related diseases includes the spinal bulbar
muscular atrophy (SBMA), several spinocerebellar ataxias (SCAs) and dentatorubral-
pallidoluysian atrophy (DRPLA), each of them showing a different neurodegenerative
pattern (Zoghbi and Orr, 2000). This suggests that although the mutation can evoke
toxicity per se, the context of the protein in which it is present confers stringent
mechanistic and tissue specificity.

In this section we summarize the main processes responsible for the deregulation of

relevant intracellular pathways in HD.

3.5.5.1 Proteolytic cleavage of mutant huntingtin

A key step necessary to induce neurodegeneration in HD is the proteolytic cleavage of
mutant Huntingtin (Wellington et al., 2000; Peters et al., 1999). The short forms of the
protein containing a pathological polyQ expansion show higher toxicity than the full
length with identical number of repeats. The short forms are found in the brain of
patients and some murine models and they particularly accumulate in the nucleus
(Hackam et al., 1998). Several proteases are responsible of the processing including
caspase-1, -3, -6, calpains and yet uncharacterized aspartyl proteases (Kim et al.,
2001; Graham et al., 2006). Consistently, inhibition of caspase cleavage by generation
of a caspase-6-resistant form of mutant Huntingtin protected transgenic mice from

striatal atrophy and neurodegeneration (Graham et al., 2006).
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3.5.5.2 Aggregate formation: a toxic or protective event?

Proteins that carry an expanded polyglutamine domain often undergo conformational
transition and are prone to aggregation (Scherzinger et al., 1997; Nagai et al., 2000).
One of the major pathological hallmark of HD and other polyglutamine disorders is the
presence of aggregates of the mutated protein both in the nucleus as neuronal
intranuclear inclusions and in other cellular compartments such as neurites (DiFiglia et
al., 1997a). Mutant Huntingtin has been proposed to form insoluble aggregates either
through “polar zippers” or by transglutaminase-mediated events (Sipione and
Cattaneo, 2001). The role of the nuclear inclusions in the progression of the disease is
highly controversial since their formation doesn’t correlate with neuronal cell death
(Gutekunst et al., 1999a; Saudou et al., 1998; Kim et al., 1999; Arrasate et al., 2004);
rather they could represent a protective mechanism of the cell to sequester and
inactivate the soluble and more toxic pool of polyQ Huntingtin (Saudou et al., 1998).
Although nuclear inclusions are not directly linked to induction of apoptosis they do
cause the disruption of intracellular homeostasis and the development of neuronal
dysfunction and severe symptoms, mainly sequestering the wt huntingtin molecules
and other important cellular proteins. On the other hand neuropil aggregates correlate

better with neuronal degeneration (Gutekunst et al., 1999b; Li et al., 2000).

3.5.5.3 Clearance of mutant huntingtin: inhibition of the proteasome and
induction of autophagy

The brain seems uniquely susceptible to protein misfolding, as most of the major
neurodegenerative diseases are associated with large intracellular inclusions (Zhou et
al.,, 2003). Indeed, the mechanisms of protein quality control, degradation and
clearance are altered in HD and the molecular regulators of these pathways are
considered promising therapeutic targets. Mutant Huntingtin and intracellular inclusions
are associated with proteasome impairment that may arise both from the inability of the
proteasome to fully digest soluble expanded polyglutamine protein, releasing toxic
polyglutamine stretches (Bence et al., 2001; Jana et al.,, 2001a; Venkatraman et al.,
2004; Holmberg et al.,, 2004), and from the sequestration into aggregates of
proteasome subunits and ubiquitin conjugation enzymes ((Jana et al., 2001a).
Consistent with a role for the proteasome in the clearance of the mutant protein,
aggregates formed by expanded Huntingtin are decorated by ubiquitin (Bennett et al.,
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2007; Rubinsztein, 2006a; Williams et al., 2008; Williams et al., 2008; Williams et al.,
2008; Rubinsztein, 2006b; Berger et al., 2006). Additionally, Huntingtin aggregates
may sequester important players of the protein quality control machinery as
chaperones Hsp40 and Hsp70, preventing them from exerting their protective function
and ultimately leading to intracellular accumulation of misfolded proteins (Wyttenbach
et al., 2000; Cowan et al., 2003). Thus, it is not surprising that induction of autophagy,
a process whereby cells can eliminate aggregation prone proteins, has been shown to
be protective in cells, Drosophila and mouse models for HD (Ravikumar et al., 2002;
Ravikumar et al., 2004) (Williams et al., 2008). Interestingly, an increase in the number
of autophagosomes has been reported in brains from HD patients (Sapp et al., 1997)
and in cellular and mouse models. The increased autophagic activity is the result of the
sequestration of the autophagy inhibitor mTOR into the polyglutamine aggregates,

further supporting the protective role of aggregates (Ravikumar et al., 2004).

3.5.5.4 Transcriptional deregulation

Several reports indicate that mutant huntingtin affects the transcription of many
functional classes of genes [for a review see (Sugars and Rubinsztein, 2003)], and of
particular importance is the decreased expression of BDNF (brain derived neutrophic
factor), an essential factor for differentiation and maintenance of neurons in the brain
(Zuccato et al., 2001b). The molecular mechanisms by which mutant huntingtin can
alter gene transcription span from the sequestration of transcription factors into
aggregates, as first observed for the CREB-binding protein (Steffan et al., 2000)
(Nucifora, Jr. et al.,, 2001) to the inhibition of the Spl/TAFII130 (regulates
dopaminergic receptor expression) transcriptional pathways by the direct interaction
with the soluble polyQ protein (Yu et al., 2002) (Li et al., 2002) . Moreover, the
mutation in huntingtin decreases its interaction in the cytoplasm with REST/NRSF
(repressor element-1 transciption factor/neuron restrictive silencer factor) leading to
the accumulation of the repressor in the nucleus where it inhibits the transcription of
target genes as BDNF (Zuccato et al.,, 2003). More recently, mutant Huntingtin has
been shown to down-regulate specifically in medium spiny neurons the expression of
the peroxisome proliferator-activated receptor gamma coactivator l-alpha (PGC-
lalpha), a transcriptional coactivator that regulates several metabolic processes as

mitochondrial biogenesis and respiration (Weydt et al., 2006) .
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3.5.5.5 Alterations of intracellular trafficking

Alteration of intracellular trafficking of vesicles and organelles participates in the
development of HD and it represents an example of the loss of physiological functions
of huntingtin due to the expansion of the polyglutamine domain. Indeed, while wt
huntingtin can regulate anterograde and retrograde transport interacting, together with
the partner HAP1, with dynein and kynesis motor complexes, the mutant form of the
protein binds more tightly to such complexes, causing the detachment of motor
proteins from microtubules and the general reduction in the transport of important
neuronal factors as BDNF (Gauthier et al., 2004; Li et al., 1998b; Gunawardena et al.,
2003). Moreover, mutant huntingtin can form aggregates that accumulate in axonal
processes and terminals. Here they can sequester soluble motor proteins titrating them
from other cargoes and pathways (Szebenyi et al., 2003; Trushina et al., 2004).
Aggregates can also act as physical road blocks in the narrow axons, leading to the
accumulation of vesicles and organelles in swollen axonal projection (DiFiglia et al.,
1997b; Sapp et al., 1999).

3.5.5.6 Excitotoxicity

The “excitotoxicity hypothesis” is one of the hypotheses that have been put forward to
explain the specific sensitivity of medium spiny neurons of the striatum to degeneration
in HD. Excitotoxicity is defined as cell death deriving from the toxic action of excitatory
amino acids (LUCAS and NEWHOUSE, 1957; Rothman and Olney, 1995). In
mammalian central nervous system the major excitatory neurotransmitter is glutamate
(review in (Hebb, 1970), and prolonged exposure to it can cause excessive influx of
ions, especially calcium, and water into the cell, leading to the activation of enzymes
that degrade proteins, nucleic acids and membranes (reviewed in (Berliocchi et al.,
2005). The striatum receives massive glutamate signalling from cortical afferents and it
is widely accepted that aberrant activity of the post-synaptic ionotropic glutamate
receptors NMDA plays a role in the pathogenesis of the disease. Consistently, studies
in post-mortem brains from HD patients show a preferential loss of striatal neurons
with high expression of NMDAR (Young et al., 1988) and treatment of animal models
with NMDAR agonists replicate behavioural and neuropathological features of HD

(Schwarcz et al., 1984; Sanberg et al., 1989; Hantraye et al., 1990). In several mouse
56



models, an increased release of glutamate from cortical afferents onto striatal spiny
neurons has been observed in early symptomatic stages (Cepeda et al., 2003),
concomitantly with an impairment in clearance of glutamate from the synaptic cleft
caused by reduced expression of glutamate transporter (EAAT1/GLT1) in astrocytes
(Arzberger et al., 1997; Behrens et al., 2002). Moreover, the observation that in a
variety of HD models striatal neurons showed enhanced NMDA-evoked currents
suggested a functional interaction between polyQ expansion in Huntingtin and NMDAR
activity (Laforet et al., 2001; Zeron et al., 2002; Zeron et al., 2004a). It has been
proposed that mutant Huntingtin could increase the amount of receptor (and stabilize
it) at the plasma membrane enhancing the forward intracellular trafficking, physically
binding to common interactors as PSD95 (Sun et al., 2001; Fan et al., 2009) and
altering post-transcriptional modifications of NMDAR subunits (Song et al., 2003). In
addition to the alterations at the synaptic and receptor levels, HD neurons show
perturbed calcium homeostasis and thereby defects in the response to the
downstream signalling pathway initiated by NMDAR activation (Hodgson et al., 1999b;
Seong et al., 2005; Hansson et al., 2001). This alteration can be in large part assigned
to the fact that mitochondria in HD have reduced calcium buffering capacity and are
more sensitive to calcium-induced depolarization eventually leading to enhanced
apoptosis (Panov et al., 2002b; Choo et al., 2004b). Thus, mitochondria play a critical
role in the process of excitotoxicity bearing the power of deciding neuronal cell fate.
Mitochondrial alterations in HD will be discussed more in detail in the following chapter
(Figure 2).

3.6 Mitochondria in Huntington’s Disease

3.6.1 Metabolic defects

HD patients exhibit well described metabolic defects ((Leenders et al., 1986; Jenkins et
al., 1993a) that have been linked to mitochondrial dysfunction. Patients show weight
loss despite adequate caloric intake in the early stages of the disease (Djousse et al.,
2002b) and positron emission tomography (PET) revealed that striatal glucose uptake
and consumption is reduced in gene carriers even years before the onset of the motor

symptoms (Kuhl et al., 1982; Antonini et al., 1996). Defects in glycolysis have also
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been suggested by findings that symptomatic HD patients have elevated lactate
production in basal ganglia and cortex, detected by proton nuclear magnetic
resonance (1H-NMR) imaging (Jenkins et al., 1993b). Accordingly, skeletal muscle
from HD patients and mutation carriers show a significant delay in the recovery of
phosphocreatine levels after exercise (Saft et al., 2005), indicative of a decreased
synthesis of ATP.

A number of studies revealed impaired activity of enzymes of the tricarboxylic acid
(TCA) cycle, in particular of aconitase (Tabrizi et al., 1999), and of the mitochondrial
respiratory chain complexes Il, Il (Stahl and Swanson, 1974; Brennan, Jr. et al., 1985)
and IV (Browne et al., 1997a) in HD striatum. The relevance of succinate
dehydrogenase (SDH) defects to the HD phenotype is underscored by the fact that
systemic administration of mitochondrial toxins that selectively inhibit SDH, namely 3-
nitropropionic acid (3-NP) and malonate, induce striatal-selective lesions in humans
and animal models that resemble those seen in HD (Browne and Beal, 2002).

Further evidence that energetic defects contribute to neurodegenerative process in HD
is provided by the findings that agents that enhance energy production in the brain
exert beneficial effects. Indeed, administration of coenzyme Q10 (Koroshetz et al.,
1997; Ferrante et al., 2002), creatine (Matthews et al., 1998; Ferrante et al., 2000) or
the pyruvate dehydrogenase activator dichloroacetate (Andreassen et al., 2001) to
mouse models and patients slows the progression of the disease and attenuates
striatal degeneration.

The molecular basis of the impaired mitochondrial energy production in HD remains
unclear. Recently, a role for PGC-lalpha (peroxisome proliferator-activated receptor-
gamma coactivator lalpha), a transcription factor implicated in energy homeostasis,
adaptive thermogenesis, beta-oxidation of fatty acids, and glucose metabolism
regulation[ for a review (Puigserver and Spiegelman, 2003)], has been proposed in
HD. Striata from HD patients and mouse models show decreased expression levels of
PGClalpha and its target genes. How can mutant huntingtin influence PGC-lalpha
levels and activity? Cui and colleagues (2006) suggest that mutant huntingtin may
interfere with the transcription of PGC-1alpha, whereas Weydt and colleagues (2006)
propose that mutant huntingtin may bind to PGC-lalpha, impairing its ability to
upregulate expression of its downstream target genes. However, further studies are

necessary to definitively demonstrate the role of PGC-1alpha in HD.
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A direct consequence of the impaired ATP production is the disruption of cellular
energy-dependent processes, as the control of resting membrane potential in neurons
by the Na'/K* ATPase pump. If the impairment of the ATPase pump is severe enough
to prevent membrane repolarization, voltage dependent ion channels as NMDAR can
be activated even in presence of normally inert levels of agonist, leading to
excitotoxicity (Novelli et al., 1988; Zeevalk and Nicklas, 1991). The reduced production
of ATP also results in decreased cellular cAMP levels and reduced cAMP responsive
element (CRE)-mediated gene transcription (Gines et al., 2003). Of note, one of the
target genes of this pathway is BDNF that shows reduced expression in HD.
Furthermore, the adenylate cyclase stimulator forskolin abrogates toxicity induced by
the expression of mutant huntingtin in neuronal PC12 cell line (Wyttenbach et al.,
2001).

3.6.2 Apoptosis

The role of apoptosis in neurodegeneration associated with Huntington’s Disease has
been highly debated [review (Hickey and Chesselet, 2003)]. The increased activation
of certain apoptotic pathways and the enhanced activity of caspases in HD are widely
accepted to deeply contribute to the pathology, deregulating cellular homeostasis and
promoting the proteolytic processing of mutant huntingtin further augmenting its
toxicity. However the evidence for a pure apoptotic process contributing to HD cell
death is controversial. Several studies show that striatal neurons from HD brains are
characterized by enhanced cytochrome c release from mitochondria to the cytosol
(Kiechle et al.,, 2002) and increased activity of calpain (Gafni and Ellerby, 2002),
caspase-1 (Ona et al., 1999) and -8 (Sanchez et al., 1999). Early studies clearly
identified apoptotic-like cells by TUNEL labelling on post-mortem striatum from HD
patients (Dragunow et al., 1995a; Portera-Cailliau et al., 1995a; Thomas et al., 1995),
but the apoptotic specific pattern of DNA laddering was not always confirmed, raising
the possibility that other cell death processes as necrosis can occur in parallel with
apoptosis (Dragunow et al., 1995b; Portera-Cailliau et al., 1995b). It is worth
mentioning that the detection of apoptosis in patients brains can be influenced by the
amount of delay before autopsy and more importantly by the fact that apoptosis is a
transient event and affects only a limited number of cells at a time (Gavrieli et al.,

1992). Furthermore, the observation of activated astrocytes in HD brains suggests
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neuroinflammation, which is generally absent in apoptotic conditions (Hedreen and
Folstein, 1995).

Genetic models for HD show different extent and timing in the appearance of apoptotic
neurons in the striatum and this seems to depend on the specific rate of progression of
the pathology and pattern of neurodegeneration that characterize each model
(Turmaine et al., 2000; lannicola et al., 2000; Reddy et al., 1998). Interestingly,
neurochemical models, as that one induced by the administration of the 3-
nitropropionic acid (3-NP), show a clear activation of the intrinsic apoptotic pathway
(Almeida et al., 2004; Kim and Chan, 2001).

The link between apoptosis and mutant huntingtin has been clarified by many works on
in vitro models. Expression of full length or N-terminal fragments of mutant huntingtin
in different neuronal and non neuronal cell lines have been shown to induce
cytochrome c release, caspase activation and DNA fragmentation in a CAG repeat
number-dependent fashion (Jana et al., 2001b; Liu, 1998). Striatal cell lines isolated
from different mouse models show higher rates of apoptosis upon NMDAR activation.
Moreover, lymphoblasts and myoblasts from HD patients display increased sensitivity
to mitochondria-mediated apoptosis and the pan-caspase inhibitor zVAD can protect
from cell death (Sawa et al., 1999; Ciammola et al., 2006). Importantly, p53, a
transcription factor that regulates the expression of various proteins, such as the
proapoptotic proteins Bax and Puma (Miyashita and Reed, 1995), is shown to interact
with the N-terminal part of mutant huntingtin in HD lymphoblasts (Steffan et al., 2000)
and neuronal cell lines expressing the mutant protein. This interaction leads to
increased nuclear levels and transcriptional activity of p53, phenomenon observed also
in HD mice and patients. Interestingly the genetic ablation and the inhibition of p53
suppresses neurodegeneration in different models for HD (Bae et al., 2005).

A further support for a role of the activation of apoptosis in HD is the evidence that wt
huntingtin exerts an anti-apoptotic effect and this function is lost upon mutation. As
mention above, ko mice for Huntingtin are embryonically lethal and show massive
apoptotic cell death at E7.5 (Zeitlin et al., 1995b). Moreover, a work from Rigamonti R.
(2000) and colleagues shows that expression of wt huntingtin in neurons protects from
different stresses as proapoptotic stimuli. The authors show that huntingtin acts
upstream of caspase-3 activation, inhibiting the conversion of procaspase-9 into active

caspase-9.
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Another mechanisms whereby wt huntingtin exerts its antiapoptotic effect may involve
the interaction with HIP-1. When the polyQ domain is expanded, the huntingtin/HIP-1
interaction is disrupted and HIP-1 is released. HIP-1, which bears a death effector
domain, can then bind to its partner hippi that in turn activates caspase-8 leading to
apoptosis (Gervais et al., 2002).

Interestingly, minocycline, a tetracycline analog, that has been reported to exert
neuroprotective effect over various experimental models, slows the progression of
symptoms as psychiatric and motor disturbances in patients and mouse models for
HD. Besides its anti-inflammatory effect, minocycline is also known to reduce
mitochondrial permeability transition mediated cytochrome c release and the
expression of caspase-1 and -3 (Bonelli et al., 2003). More recently, a screening
identified a compound, methazolamide, that inhibits cytochrome c release, likely acting
at the level of outer mitochondrial permeabilization, and is effective in slowing the
progression of HD in R6/2 mice (Wang et al., 2008).

3.6.3 Oxidative stress

The generation of reactive oxygen species (ROS) and the resulting oxidative stress is
a feature of Huntington’s Disease (Browne et al., 1997b; Grunewald and Beal, 1999).
Studies of post-mortem human HD brains show high levels of oxidative damage as
cytoplasmic accumulation of lipofuscin, a product of unsaturated fatty acids
peroxidation (Braak and Braak, 1992), DNA strand breaks (Dragunow et al., 1995b)
and oxidative markers in mitochondrial and nuclear DNA bases (Polidori et al., 1999),
and protein nitration (Browne et al.,, 1999). Moreover, the oxidative alterations
observed in patients are recapitulated in genetic and pharmacological animal models
for HD [for a review see (Browne and Beal, 2006; Tolkovsky et al., 2002)].
Mitochondria are considered the primary source of ROS in neurons and mitochondrial
dysfunctions in HD, such as ATP production defects due to inhibition of electron
transport chain and abnormal calcium handling especially during exposure to
excitotoxins, are likely to be linked to the increase in ROS levels. However, a recent
work from Brennan and colleagues (2009) shows that neurons mainly rely on NADPH
oxidases (NOX) to produce ROS during excitotoxicity, leading us to re-examine the

role of mitochondria in neuronal cell death.
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Figure 2. Mitochondrial dysfunctions in Huntington’s Disease. (a) mHtt block of PGC1l-a promoter results in decreased
expression of nuclear-encoded mitochondrial proteins that are necessary for respiration and oxidative damage defense. (b) mHtt
can have direct effects on mitochondria inhibiting complex II and increasing sensitivity to Ca**-induced mitochondrial permeability
transition pore (MPTP) opening. Respiratory inhibition leads to decreased energy production and mitochondrial membrane
potential (Aym) in addition to increased reactive oxygen species (ROS) production. The bioenergetic decline can cause increased
vulnerability to excitotoxic stimuli. (c) mHtt interferes with mitochondrial trafficking along microtubules directly interacting with motor

complexes. (d) mHtt alters mitochondrial morphology and cristae structure.

3.6.4 Deregulation of calcium homeostasis

Strong evidence support a role of mitochondrial regulation of Ca®* homeostasis in HD.
Several studies on mitochondria from HD patients lymphoblasts, mouse models brains
and neuronal HD cell lines revealed a reduction in mitochondrial membrane potential
and an enhanced sensitivity to Ca®*-induced permeability transition (Panov et al.,
2002b; Choo et al., 2004b; Gizatullina et al., 2006). A key study in this field from Panov
and colleagues (2002) demonstrated that the mitochondrial calcium retention capacity
reduction correlates with the length of the polyglutamine expansion in Huntingtin.

Moreover, the authors showed that the incubation of isolated mitochondria with GST
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fusion proteins containing expanded polyglutamine domains can directly reduce
mitochondrial membrane potential and impair Ca®** handling. Consistently, isolated
mitochondria from mouse liver show decreased calcium threshold for mPTP opening if
incubated with a recombinant N-terminal fragment of Huntingtin bearing an expanded
polyglutamine domain (Choo et al., 2004b). These findings support the hypothesis that
mutant huntingtin can cause mitochondrial dysfunctions through the physical
interaction with this organelle.

Mitochondria from brain from YAC72 HD mice show slower clearance of extra-
mitochondria calcium and inability to return to baseline calcium levels (Panov et al.,
2002b). At the cellular level these dysfunctions result in slower recovery rate of
cytosolic calcium concentration upon NMDAR activation and increased mitochondrial
depolarization upon sustained NMDAR stimulation (Fernandes et al., 2007), ultimately
leading to permeability transition dependent cytochrome c release and apoptosis
(Zeron et al., 2004Db).

3.6.5 Alterations in mitochondrial movement

As we discussed above, mitochondria are not only the main source of energy of the
cell but also vital regulators of calcium homeostasis. To properly exert their functions,
mitochondria must be trafficked appropriately to reach specific cellular compartments
with high energy and calcium buffering demands, such as synapses. This has a
specific relevance in neurons where axons and dendrites can extend well beyond the
cell body. In addition, mitochondrial trafficking may be important for transporting
damaged mitochondria to cellular locations where they can be repaired or degraded
(De Vos et al.,, 2000). Indeed, the persistence of injured mitochondria can lead to
increased reactive oxygen species production and apoptosis (Lee and Wei, 2000; Orr
et al., 2008a).

Several studies in neurons from HD mouse models show an impairment in the
trafficking of mitochondria along axons. HD mitochondria show abnormal distribution in
the cell, they travel shorter distances than their normal counterparts and they appear to
stop more frequently becoming progressively immobilized (Trushina et al., 2004) (Orr
et al., 2008a; Mormone et al., 2006). Different mechanisms have been proposed to
explain this phenotype. Trushina and colleagues (2004) showed that in mouse and HD

patients neurons mutant Huntingtin aggregates sequester wt huntingtin and the soluble
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pool of motor proteins leading to a general decrease in mitochondrial trafficking. On
the other hand, the work of Chang and colleagues (2006) showed that mitochondrial
movement is specifically decreased at the sites of cytosolic mutant huntingtin
aggregates that act as physical roadblocks in the narrow axons. A further hypothesis is
that the association of the N-t fragment of mutant huntingtin with mitochondria can
reduce the interaction of the organelles with microtubule-based transport proteins,
leading to the trafficking phenotype (Orr et al., 2008b). It would be interesting to
elucidate the mechanisms causing the defects in mitochondrial trafficking since they
seem to appear earlier than other mitochondrial alterations, suggesting that they can
contribute to mitochondrial dysfunction.

3.6.6 Mitochondrial morphology and ultrastructure

Mitochondria are dynamic organelles that undergo morphological and ultrastructural
changes in respose to specific physiological and pathological conditions. A growing
body of evidence shows that mitochondrial morphology intimately correlates with
mitochondrial functional parameters as ATP production, ROS generation, movement
and apoptosis. In HD, early studies on brain biopsies from patients revealed the
presence of mitochondria characterized by abnormal ultrastructure and morphology
(Tellez-Nagel et al., 1974; Goebel et al., 1978). Alteration in mitochondrial cristae
structure has been observed also in excitotoxic models for HD (Portera-Cailliau et al.,
1995b). Despite the early observation of these alterations, it is currently unknown
which is the role of mitochondrial structural defects in the progression of the disease
and which is the mechanism whereby mutant huntingtin can influence mitochondrial
morphology. Indeed, in the last few years many groups have started to focus their
research on this previously unexplored topic. Electron microscopy analysis on
lymphoblasts, myoblasts and fibroblasts from HD patients showed that mitochondria
display less and remodelled cristae and the severity of ultrastructural defects
correlates with the genotype (Squitieri et al., 2006; Squitieri et al., 2009). Moreover, in
lymphoblasts from heterozygous patients mitochondria appear redistributed and
clustered at one pole of the cell (Mormone et al., 2006), suggesting that alterations
occur not only at the ultrastructural level but the pattern of the mitochondrial network is
also affected. A recent work from Wang and colleagues (2008) shows that expression

of the N-terminal fragment of mutant Huntingtin in HelLa cells induces reduction in the
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movement and in the fusion rate of mitochondria. Additionally, upon serum starvation
or H,O, treatment cells bearing mutant Huntingtin display deep fragmentation of the
mitochondrial network, reduction in ATP levels and enhanced cell death. Interestingly,
these defects can be corrected both inhibiting the fission machinery overexpressing a
dominant negative form of Drpl and promoting mitochondrial fusion through the
overexpression of Mfn2 (Wang et al., 2009a). Fragmentation of the mitochondrial
network has been observed also in a pharmacological model for HD. Primary cortical
neurons treated with 3-NP show an immediate drop in ATP levels and a mild rise in
reactive oxygen species followed by a NMDA activation-dependent more pronounced
rise in ROS that ultimately causes mitochondrial fragmentation and neuronal cell death
(Liot et al., 2009).
These findings suggest that mitochondria shape changes play a role in neuronal cell
death and that the correction of morphological defects can potentially restore metabolic
and other mitochondrial functional alterations associated with HD. However, although
the description of the morphological defects in HD is becoming more detailed and
complete, the mechanism that links Huntingtin mutation to mitochondria shape and the
responsible molecular players are still unknown.
The aim of this thesis project was therefore to understand

0] which pathways impinging on mitochondrial morphology and ultrastructure

are altered in HD,
(i) how they affect mitochondrial morphology, cell dysfunction and death.
(i)  Whether they can be targeted to correct the viability of cells from HD mode
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Abstract

During apoptosis mitochondria lose their membrane potential and wndergo
fragmentation around the time of release of cytochrome c. Apoptotic fission is at
least in part sustained by the translocation of dynamin related protein 1 (Drp1),
normally located in the cytosol, to mitochondria. This process depends on
dephosphorylation of Drp1 by the phosphatase calcineurin. Here we report the
identification of a novel inhibitor of this process. A polypeptide (PPD1) from the
immunophilin FKBP52, inhibits calcineurin activation triggered by mitochondrial
dysfunction. PPD1 blocks Drp1 translocation to mitochondria and fragmentation of
the organelle. PPD1 delays apoptosis by intrinsic stimuli, by preventing
fragmentation and release of cytochrome ¢ Cells expressing PPD1 display
enhanced clonogenic ability following exposure to staurosporine. A genetic
analysis revealed that the activity of PPD1 is independent of the BH3-only protein
BAD, another target of calcineurin during apoptosis, and is not additive to inhibition
of Drp1. Thus, PPD1 is a novel inhibitor of apoptosis that elucidates the role of
calcineurin-dependent mitochondrial fragmentation in the amplification of cell

death.
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Introduction

Mitochondria are key organelles in the regulation of apoptosis. They amplify the intrinsic
pathway by releasing protein cofactors that are essential for the activation of effector
caspases (like cytochrome ¢) and for the direct condensation of chromatin (like AIF) (1).
This release is the consegquence of permeabilization of the outer membrane of the
organelle and it is controlled by members of the Beol-2 family. In a widely accepted model,
the subset of "BH3-onky™ Bcl-2 family members senses the “private” death stimull,
transferring it fo mitochondria whose outer membrane is permeabilized via the
“multidomain” proapoptotic members. The action of BH3-only proteins is counteracted by
antiapoptotic members that prevent activation of the multidomains in the mitochondrial
membrane, by soaking the BH3-only members (2, 3). Thus, in this model the only
mitochondrial event that plays a key role in the progression of the apoptofic cascade is
loss of the controlled permeability of the outer membrane of the organelle. One of the
basic tenets of apoptosis, that mitochondrial shape is unchanged, has been recently
challenged thanks to the development of more refined techniques of investigation of
mitochondrial shape and ultrastructure. A new consensus developed that mitochondria
undergo massive fragmentation around the time of their outer membrane pemeabilization
(4. 5), and that the complete release of cytochrome ¢ is accompanied by ultrastructural
changes collectively called cristae remadelling (8).

Mitochondrial shape is determined by the equilibrium between continuously ongoing fusion
and fission processes. In mammalian cells, a core machinery of “mitochondria-shaping”
proteins exists that impinges on fusion or fission of the organelle. Mitochondrial fusion
depends on the outer membrane mitofusins (Mfn) 1 and 2 and on the inner membrane
Optic Atrophy 1 (Opat) (7). These proteins are large dynamin related GTPases that
display pleiotropic funclions: for example, Opal regulates biogenesis and remodeling of

the cristae independently of its role in fusion (8, %) while Mfn2 tethers mitochondria to the
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endoplasmic reticulum (10). Mitochondrial fission depends on the translocation of
cytoplasmic dynamin related protein 1 (Drp1) to mitochondria, where it hinds to its adaptor
in the outer membrane, Fis1, oligomerizes and constricts the organelle, ultimately leading
to its fission (11, 12). Translocation of Drp1 fto mitochondria depends on its
dephosphonylation by calcineurin and other phosphatases (13, 14),

The maolecular knowledge of the players in mitochondrial shape regulation stimulated
intense research in the last few years on their role in cell death. In particular, 2 dominant
negative mutant of Drp1, in which substitution of Iysine 38 for an alaning in the GTFPase
domain disrupted its enzymatic activity, prevents fragmentation of the mitochondrial
network, mitochondrial membrane depolarization, cytochrome © release and cell death
induced by staurosporine, placing Drp1 and mitochondrial fragmentation early in apoptosis
(5). Further, Drp1 was found to accumulate at mitochondnal fission sites together with Bax
and Mfn2 {15). Dominant negative Drp1 was shown not to impede Bax translocation to
mitochondria, implying that Bax translocation alone is not sufficient for cell death induction
(15-18). Interestingly, downregulation of Drp1 by shENA showed that even If inhibiting
cytochrome c release, absence of Drp1 was not sufficient to prevent release of other
proapoptotic factors from mitochondria vpon induction of cell death, suggesting that
mitochondrial subcompartimentalization of cytochrome ¢ stores might be altered by Drp1
(19, 20). Accordingly, remodeling of the cristae can he also blocked by a dominant
negative mutant of Drp1 during apoptosis induced by the BH3 only protein BIK (21).
Recently, Munnari and colleagues found that mdivi-1, a specific chemical inhibitor of Drp1
GTPase activity, prevents both mitochaondrial fission and Bax-mediated mitochondrial outer
membrane permeabilization (22). While there is mounting evidence that mitochondrial
fission paricipates in apoptosis, recent reports guestioned whether genstic maneuvers
aimad at upregulating mitochondrial fusion are cytoprotective (23), leaving the question of

whether mitochondrial fragmentation is a decision step towards cell death.
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We recently showed that Drpl interacis with the cytoplasmic pepbdylprolyl isomerass
cyclophiin & in the cytosol. This inderaction is lost upon induction of mitochondrial
fragmentation triggerad by depolarization of the organeslle and calcineurin activation (24).
Upon dephosphondation of Drpd at the Ser 637 residue by calcinsurin Drpt translocates to
mitachondria causing their fission. This calcinsurin loop in principle could provide a targei
to manipulate apoptotic mitcchondrial fission. However, two problems should be faken into
account when addressing this possibilty. First, compounds that inhikit calcinewrin, liks
cyclosporing & [CsAl, also act on the permeability fransition pore (PTF), whose role in at
least certain paradigms of cell death is well established. Second, it has been shown that
cyclophilin A is associated with dynamitin, a component of the dynein as=sociated dynactin
molecular molor complex responsible for retrograde  protein fransport along  the
microfubules network, and this association can be blocked by CsA (25). Dynein has alsa
been implied in the translocation of Drpt fo mitochondria, thus complicating the picturs
(28). This raises the quesiion of whether inhibifors of calcineurin affect translocation of
Drp1 fo mitochondria specifically by acting on dephosphoprylation of Orpi, ar whether it
acts via an indirgct action mediated by dymein. In an aftempt o find an answer fo thess
quesiions, ocur atention was caught by a peplide cormesponding to the peptidylprolyl
isomerase domain of immunophilin FRS08 binding protein 52 (FEBPEZ; residues ranging
from glycine 22 to lysine 138), which is able fo inhibit association between cyclophilin A
and dynein (25, 271 This peplide represents a ussful tool to address these guestions.
Hers we show that expression of the FEBPSZ peptide (FPD1) prevents Drp1 interaction
with cyclophilin &, but does not disscciate Drpi from dynein. PPD1 still inhikits
mitochondrial fragmentation by blocking calcineunin activity and preventing recrutment of
Drgd fo mitochondria. PPD1 prevents mitechondral fragmentation, cytochrome ¢ releass
and cell death induced by different apoptobic stimuli. ts action is independent of Bad,

another imporant target of calcingwnn during apoptosis, and is not additive to blockage of
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Crp?. Thus, blockage of calcineunin by PPD1 further supports a role for mitochondrial
fragmentation during apoptosis and i unveils a novel potential site of acbon to intervens in

therapy of pathclogical conditions where excess apoptosis should be blocked.
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Results

FFDY inhibits depolanzation induced mitochondral fragmeniaiion

Mitochondrial depolarization triggers calcineurin activation, dephospharylation of Orpt and
its franslocation fo mitechondria, both blocked by fhe caleineuwrin inhibitors FES0E8 and
cyclosporing A (CsA) In fact, Drpl interacts with calcineurin and with cyclophilin & and it is
largely associated to microctubules. Upon mitochondrial dysfumction, Orpl leawves this
complex and the microtubules translocating to mitcchondna (28)  Interestingly, the
milzrofubule anchared dynein motar complex regulates Drpl translocation o mtachondria
[28) and Cyps was shown to act as a mediator of binding of profeins o the dynein motor
complex (25). Thus the inhibitory effect of FRS08 and CsA might depend on their ability to
displace Drpd from dymein. Toe test this possibility, we fumed o PPD1. a peptide
corresponding to the peplidylprolyl isomerase domain of immunophilin FEKS0G bkinding
protein 52 (aa. 32-138) that displaces CypA from dynein. We therefore checked wheather
FPPD1 had any effect on mitochondrial depolarization or fragmentation. Expression of
FPPD1 did not prevent mitochondrial depolanzation induced by the lipid arachidonic acid
(ArA), as shown by real fime imaging of the mifochondral flucrescence of the
potenticmeinic dye tetramethyl rhodamine methylester (TMEM) loaded in Hela cells

cotransfected with GFP and PPD1 or an empty vecior (Figure 1a). Similarly, espression of

FPD1 did not affect depolarization by the pretonophore  carbonyleyanide  p-
triflucromethoxyphenyl-hydrazone (FCCPL ArA and FCCP induce rapid fragmentation of
HelLa mitochondria, causing the fransition from network fto individual crganelles in
appraximately 10 minuies. Of note, PPDO1 greatly delayed depolarization-induced, Drpi-
dependent mitochondrial fragmentation, ewven i if had no effect on mitochondrial

depolarzation (Figure 1b-2).

FFRDO{ dizpiaces cyclophilin A from Drpt and inhibifs calcineurin activalion
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PPD1 could therefore represent a movel inhibitor of mifochondrial fragmentation acting by
displacing Drp1 from dynein. To test this hypothesis, we immunoprecipiiated Drp1 in Hela
cells and verified how PPDO1 and mitochondrial dysfunction modulated its association with
dynein. Wesierm blot analysis of the co-immunopracipitated materal showesd that
intzraciion of Orp1 with Cypf& was diminished by expression of PPO1 (Figure Za). On the
contrary, imteractiom of Drpd with dymein was not influenced by the presence of the
peptide, indicating that interaction of Drp? with the dynegin molor complex is not mediated
by the mmunophilin (Figure 1a). While associafion of Drpl with cyclophiin & was
completely lost upon induction of mitochondrial fragmentation by ArA, interactiom of the
protein with dynein persisted. Thus, modulation of binding to dynsin could not account for
the inhibitory effect of PPFD? on mitochondrial fragmentation. We therefore fumed fo the
possibility that PPO1 influenced calcineurin activation. A specific assay of calcimeurin
activity indicatad that following mitechondrial dysfunciion by both ArA and FCCP activity of
the phosphalase imcreasss and that this is completely abrogated in cells expressing FFO1
{Figure Zb). Thus, PPO1 acis as a calcineunin inhibitor that is genetically encoded and
therefore more stable as opposed to the small pharmacological inhibitors that ars

meiabaolized like Cs& and FES0S.

FFPDOY inhibitz cell death af the mitochondnal leve!

Since PPD1 displayed the ability to inhikit caleineurin activity, we verified i it also acied on
the tramslocation of Drp? o dysfunclional mitcchondria. To this end we montored
mitochondrial association of a Drp1-YFF chimeric protein co-expressed in Hela cells with
a mitcchondnally targeted dsRED [mtRFP). Following mitochondrial depolanzation
induced by Ard or PCCP, Drp1-YFF readily translocated to mitochondria and this process
was inhibited by contransfection with PPC1 (not shown). Thus, FFD1 blocks association of

Drpd1 with dysfuncticnal mitcchondria. This suggesis that PPDY1 could interfere with
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apoptotic settings where the fragmentation of mitochondria is essential for the progression
of the cascade. To this end, we testaed whether exprassicn of PPD1 delayed kinetic of
apoptosis by a panoply of intrinsic inducers acting via differsnt mechanisms. Expression of
PPO1 was able to delay death by staurcsporine, etoposide and thapsigargin, thres infrinsic
stimuli that recruit the mitochondrial pathway of apoptosis controlled by Bax and Bak at the
mitochondrial level, as well as by the pro-czidant HzO0z that recruits mitochondria via the so
called "ER gateway” similarly conirglled by the fwo mullidomain proapoptotics (29), (Figurs
31 Thus, PPD1 delays apoptosis by stimuli that recruit mitcchondria, irespective of their
initial mechanism of action, provided that they all cause mitochondrial fragmentation (5, 2,
30). We furlher werified f this was associated with an inhikition of mitochondrial
morghelogical changes induced by apoptotic stimulation. We therefore followsd in real
time the chamges in mitochondrial shape in Hela eells by imaging the flugrescence of
expressed miRFP. Upon ireatment with staurcsporine mitochondria underwent the
previcusly repored cycle of imitial elongation followed by fragmentation that becomes
apparent 2 howrs affer induction of apoplosis. Co-expression of PPD1 with mtRFP
prevented fragmeniation induced by stawurosporing (Figure 4a). We thersfore fumed to
analyze whether PPO1 was also capable of inhibiting release of cytochrome o from
mitachondria, by evaluating its subcellular distribution using an immunoflucrescence and a
semi-guantitative image analysis approach (21) and found that PFDT prevents also the
release of cytochrome ¢ (Figure db-c). We finally s=t o test whether PFD1 just delayed
death, or whether it exeried a real cytoprotective effect. We thersfore measured the
intrimsic akility of the survived cells fo replicate and form colonies, an ultimate =ign that
cells have completely survived the apoplotic attack. Te this end Hela cells were co-
trasfected with GFP and FFPD1 (or its empty veclor), sored, plated and freated with
staurcsporine. Afler § hrs cells were collected and re-plated with fresh medium devoid of

apoptotic inducer. & count of individual colonies produced by the re-plated cells showsd
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that cells expressing PPD1 were able to survive and generate new colonies despite the
treatment with staurcspaorine (Figure 4d-2). Taken together, these data indicats that PPD1
is capable of preveniing cell death induced by stimuli that trigger mitochondrial

parmeakbilization.

FFPDY inhibits cell death via the Dip{ pathway

Calcineurin affects & plethora of key cellular processes. For example, it dephosphorylates
the proapoptotic Bol-family protein BAD to induce its migration from the cyfoscl to
mitochondria, leading fo cell death {32). Thus, we wishad to ascertain whether PPD1
protects from cell death specifically by blocking the Orpl pathveray. To this end we first had
to exclude thai the effects of PPD1 were due fo its ability fo block dephosphondation of
BAD. We thersfore turnad to a genetic approach, comparing the ability of FFD1 to block
apoptosis by staurosporine in wi and Bad” mouse embryonic fibroblasts (MEFs). As
expecied, apoptosis by staurcsporine was reduced in Bad™ MEFs as compared to their wi
counterparts {Figure 5). Expression of PPD1 was able to protect from apoptosis induced
oy staurcsporine also inm MEFs, irespective of the pressnce of BAD. Thus, BAD is
dispensable for the antiapopictic action of PPD1. We then set oul to investigale if the
effect of PPD1 was mediated by Drpd. To this end we werified if the effect of PPDT was
addifive io that of blocking Drpl. Ezxpression of a dominant negaiive Drpl mutant
{Drp1™**% was capable of delaying death by staurosporine, ke PPD1. Of note, co-
expression of PPD1 with Drp1™®* did not result in an additional protection, indicating that
they aci via the same pathway (Figure 55 In conclusion, our dafa indicate that the
inhikition granted by PPDT is not mediated by BAD and depends on the caleineurin-Orp

AXIS.
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Discussion

In this study, we show that inhibition of the calcineurin-Drg? axis by the peptide PPD1,
corresponding fo the peplidylprolyl isomerase domain of FKBPSZ, inhibits apoptosis. This
is supported by a number of findings: (i} expression of PPDT inhibits aclivation of
caleineurin following mitochondrial dysfunction; (i) PPD1 does mot detach Drpl from
dynein, ruling oui a possible alternative mechanism of inhikifion of fragmentation; (i)
PPD1 blocks mitechondrial fragmentation, release of cylochrome ¢ and apoptosis by a
number of infrinsic cell death stimull, and promotes survival of cells freated with
staurcsporing; (iv) @ genetic analysis reveals that inhibition of cell death by PPDY does not
require BAD, ancther target of caleineurin during apoptosis, and is not addifive to inhibition
of Dirp1.

PPD1 abrogates interaction of Drpd and oyclophiin A in Hela cells, but it doss not
dissociate Orpl from dynein, the main componsnt of the microtubules motor complesx.
Ind=ed this peplide prevenis asscciation of immunophilin FKBEPE2 with dynein (25); the
ability of the peptide to also blunt binding of another immunophilin, cyclophilin A, o Drpi
suggesis that the interaction between the immunophilim and Crpl invoelves formation of a
ternary complex bedween Drpl, cyclophilin & and dynein. In addifion, Drpd association with
the dynein motor complex is not disrupted by induction of mitcchondral fragmeniation with
Ard, supporting & rale for the dynein motor complex as the carriar of Drpd fo mitochondria
as pravigusly suggesied (28] The key proapoptolic moleculs Bim is also associated with
the dynein maotor complex: and this association is lost during induction of apoptasis (33),
suggesting scenaros of interplay betwsen the apoptotic and the mitochondria-shaping
machimeries. Our data indicate that PPD1 inhibits calcineurin. Since Drpl inferacis with
both cyclophilin A and calcinewrin (28], we could figure out that the ability of the peptide to
inhikit caleinewrin is reinforced by the fact that the proteins meet on microtubules and

caleineurin is sequesierad and inaclivated by the cyclophilin A-PPD1 complesx.
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PPD1 i an eficient imhibitor of mitochondrial fragmentation induced by mitochondrial
depolarization. It also blocks fragmentation induced by apoplotic stimuli, like
staurosporine. Even if the role of mitochondral fragmentation in cell death remains
controversial, this finding prompted us to exiend owur anmalysis to investgate iF PFDA
displayed any anti-apopiotic potential. Interestingly, PPO1 prevents releass of cytochrome
¢ induced by staurcsporine and delays apopiosis by a number of intinsic stimull that
trigger death by different mechanisms (staurosporing, stoposide, H:D; and thapsigargin).
Cur pravious analysis revealad that kiling by thess stimuli is complete only when levels of
Ca® are adeguate (28). This was for us a further suggestion that a Ca®*-controlled
pathway, like the calcineurin ocne, parbicipates in killing by these stimuli. However, wheather
FPD1 simply slowed down the kinetics of death, or really prevenied activation of the post-
mitochondrial cascade was unclear. Moiably, PPD1 allows clonogenic survival of cells
treated with siaurosporine, an indication that cells can still proliferate and that caspases
are not activated in a vast majority of cells expressing PPD1. Such a powerful effect could
be supporied by the pleistropic nature of a calcineurin inhibitor ke PPD1. Convearsely, our
genetic analysis revealed that the mode of action of PPD1 is rather specfic. Feed and
colleagues showed that Ea}-mubilizing death stimuli induce activation of calcinsurin, This
in furm dephosphorylates the proapopictic BH3-only moleculs BAD, promotes iis
recruitnent on mitochondna, triggering permeabilization of the cuter membrane and cell
death (32). On the other hand, PP is equally antiapoptotic despite the lack of BAD. As
expected, deletion of Bad had an imhibitory effect on kiling by staurosporne, but
expression of PPD1 in Bad” cells protected them as well as it did in their wild-type
counierparts. Thus PPD1 does not inhibit death via an effect on calcineurin mediated
dephosphorylation of BAD. In cells expressing a dominant negative Drpi, howswer, FFDA

has no further inhibifory effect, substantiating that it impinges on Orp1 to block apopiosis.
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Chur resulis further support the view thai Drpl and mitochondrial fragmentation participate
in apoptosis. Indeed, pravious works showed that Drp? GTPase activity participated in cell
death, =inge both a Orp1 mutant defective in GTFase activity dus fo the substitution of a
lysine in the catalytic site for an alanine, K22ADrp1 (5], as well as a chemical inhibitor of
the hydrohytic activity of the protein, mdivi-1 (34}, were successful in delaying cell death.
The precise mechanism by which inhibibion of Drpl afects progression of cell death
remains to be elucidated. Apopltogenic factors such as SmacDIABLO and AIF are still
released even in the absence of Drpl, while cytochrome ¢ is retained in the organelle {35,
380 As a matter of fact, cytochrome ¢ is highly compartmentalized inside mitochondria,
given s preferential localization inside the cristae (G, 37 This raises the possibility that
the =ffects of blocking Drpl1 in apoptosis are nof a consequence of pressrvation of
mitochondrial morphology, but of ulirastructure.  This is confirmad by the finding that
remodeling of the cristae, which mobilizes cytochrome ¢, is triggered by Orpl and blocked
by a dominant negative mutani of this dynamin {21). This scenario might ke even mors
complicated sincs ablation of Drpl causes compensatory changes in the cleavage of the
inner membrane Ogal (22), that contrals cristae remodeling during apoptosis (2). In this
respect, FFDT and blockage of calcineurin, ie. the Drpl branch of apoptesis, could be an
appealing mechanism to investigate, and in perspeciive to pharmacologically attack, since
it does not intefere with the levels, but just with the mitochondrial translocation of the pro-
fission dynamin-like profein.

Increasing evidence indicaies that mitochondrial fragmentation is a8 hallmark of several
diseases associated with increased apoptosis, from Alzheimer's (38) fo Parkinson's (40
disease. Thus, the checkpoint confrolled by calzineurin could serve as a potsntial

therapeutic target by compounds or small peptides that mimic the action of PPD1.
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Materials and Methaods

Subcellular Fractionation, Immunoprecipitation, and Immunablotting.

Subcellular fractionation was performed as described in (21). For immunoprecipitation
expernments, cells were lysed in CPBS buffer (Eml CHAPS in PBE. pHT .4 Lysates were
incubated with the ant-Drpl antibody (1:50, 14 h, 4 %) and the protein-anfibody complex
was precipitated by centrifugation afier incubation with proiein G-coated magnetic beads
(Oynal, 2 h, 4 ). The immunoprecipitated material was washed ftwice in CPBS and
resuspended in SDE/PAGE loading buffer (NuFAGE), boiled, and loaded on 4-12% gels
(MuPAGE). For immunoblotting, profeins were transferred onto polyvinglidens fluonde
(Milbpore) membranes and probed with the following antbodies: o-Drpd (B0, 1:2000); o-
cyclophibind {Upsiate, 1:2000);

l=otype-matched, horseradish perodidase-conjugated secondary antibodies (Amersham)

were used, followed by detection by chemiluminescence (Amearsham).

Calzcinewrin Activity Assay.

Cells grown on 24-mm wells incubated in HBSS buffer ware freated as indicated, washed
several timas with TBZ bufer (10mM Trs-CI, pH 7.4, 150mMMaCl), resuspendad in TES,
and lysed in CTES bufer (GmM CHAPS im TBEZ, pH 7.4). Calcineurin activity was
determined using an in wiro assay kit and following manufaciurer instructions
[Calbizchem). For comparative reasons, basal calcinsunn activity im untreated cells was

set to 100%.

Imaging.
Imnaging of mitcchendrial membrane potential in Hela cells was performed as previcusly
described (31). Data are graphed as percentage of the initial value for comparative

reasons. For confocal imaging, 10° cells seeded onto 24 mm-round glass coverslips were
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transfectaed as indicated and after 24 h were incubated in HESZE supplementad with 10 mM
Hepes and placed on the siage of a Nikon Eclipse TE3DD inveried microscope equipped
with & spinning-disk PerkinElmear Ultraview LC| confocal system, a piezoslectric z-axis
mioforized stage (Pifoc, Physik Instrumente), and & Orca ER O 12-bit CCD camera
{Hamamatisu Photonics). Cells expressing mtREFP were excited uwsing the 58%-nm line of
the He-Me laser (Perkin—Elmer] with exposurse times of 100 mssc using a 80x1.4 MA Plan
Apao abjective (Niken). In time-course experimants, images were aoquired every 10 sec for
40 min. Quantitative analysis of mitochondrial shape changes was performed by
evaluating the time at which cells displayed fragmentzd mitochondria after addition of the
inducer. Organelles were classifisd as fragmented when 50% of the total cellular
mitochondria displayed a major axis <5 pm.

For cytochrome o immunclocalization, cells grown on coverslips were fransfected with
miRFF and afier 24 hr incubated as detsiled. Immunostaining far cytochrome o was
parformed as descrbed im (22). For gytochrome ¢ and mtRFP detection green and red
chanmel images were acquired simultamecusly using two separate color channels on the
detecior assembly of a Mikon Eclipse EED0 microscope equipped with a Biorad MRC-1024
laser scanning confocal imaging system. The localization index was calculated as

described in (21)

Analysis of Cell Death

1 = 10° Hela cells or MEFs grown in 12-well plates were cotransfected with pEGFP and
the indicated vectors. At the time points indicated, cells were treated as described and
stained with Annexin-V-Alexab5s (Roche) according to manufacturer's protocal. Apoplosis
was measured by flow cytometry (FACSCalibur) as the perceniage of annexzin-\V-positive

evenis in the GFP-posiiive population.
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Clonogenic assay

1%x10% Hala cells seeded on 10 cm Petri dishes were cotransfected with pEGFF and PPD1
ar empty vector. Afler 24 hrs cells were soried by FACS and 0000 GFP-positive wers
treated with 2 pb staurocsporing in ODME0 or DMS0 alone. After 5 hrs cells were washed
with PE5S, frypsinized, resuspended in complete DMEM (DMEM, Inviirogen, supplemented
with 10% fetal bovineg serum, 2 mM glutamineg, 1% non essential aming acid mix {Giboo), 1
mbd penicillin/streptomycin} and plated on 10 cm Petr dishes contfaining 15 ml of DMERM
supplementad with 2mM glutamine, 1mb penicillindstreptomycin, 20% fetal bovine serum
and 0.3% Bacto Agar (Invitrogen). Plates were incubated at 375 in a fully humidified
atmosphere of 5% air and 5% CO.. After 12 days. colonies wers visualized by 0.1%

crystal viclet in 20% sthanaol.
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Legend to figures

Figure 1. PPD1 delays mitochondrial fragmentation induced by mitochondrial
depolarization. {a) Changes in mitechondrial fluerescence of TMRM. Hela cells loaded
with TMEM were treated where indicated (arrows) with 20 pb Ard or 2 pM FCCP.
Flugrescence intensitiss were normalized to the initial value for comparative reasons. Data
represent mean £ SE of 4 independent experiments. (b) CQuaniitative analysis of
mitachaondrial shapse changses observed by real fime confocal imaging of Hela cells
previously fransfected with PPO1 or empty vector. At t=3 min, cells were frealed as
indicated with 20 pM Ar& or 2 pM FCCP. Morphometny was performed as described (400
Data represent mean £ SE of 8 different experiments. In each sxperimant, 20 cells wers
scored. (o) Represeniative frames acguired af indicated fimes from real time confocal

imaging of Hela cells freated exacily as deseribed in (b). Bar, 20 pm.

Figure 2. PPD1 displaces Drp1 from cyclophilin & and inhibits calcineurin activation
induced by mitochondrial dysfunction. (a) Hela cells fransfected as indicated wers
lysed and 200 pg of protein were immunoprecipitated wsing the indicated antibody
[concentration). 100 pg were separatsd by SDE-PAGE and immunoblotied wsing the
indicated antibodies. Where indicated, cells were ifreated with Ar& (20 pM, 20 min at BT
(b1 Caleimeurin aclivity was measured in cylosolic extracts of Hela cells fransfected with
FPD1 or empty vecior and treated where indicated for 15 min with 20 ph Ard or 2 ph
FCCF. Cata are compared to the activity of untreated cells set as 100% and represent

mean £ 5E of 4 independent experimeants.

Figure 3. PPD1 prevents cell death. Hela cells cotransfected with pEGFF and PPD1 or

empty vector were treated for the indicated time with staurcsporine (2 pM), etoposide (2
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phd), hydrogen peroxide (1 mB) or thapsigargin (2 pbd), collected and stained with Annexin
W Viability was analyzed by flow eytometry as the percentage of annexin-\V-positive evants

in the GFP-positive population. Data represent mean £ 3E of § independent experiments.

Figure 4. PPD1 acts at mitochondria to block apoptosis. {a) Representative frames
acquired at indicated times from real time confocal imaging of Hela cells treated with
staurgsparine (2 pM} 24 h after cotransfection with miRFF and the indicated plasmid. Bar,
20 pm. (b} Representative images of subcsllular cytochrome ¢ distribution. Hela cells
were cotransfected with mtRFP (red) and the indicated plasmid. Where indicated, cells
were ireated for 2 h with staurosporine {2 pM), fized and immunostained for eytochrome ¢
{green). Bar, 20 pm. {¢) Localization index of cylochrome o Expermenis were performed
as in (b). Data represaent mean £ SE of 2 independent experments (d) Clonogenic survival
as=ay. Hela cells cotransfected with peGFP and the indicated plasmid were treated as
indicated (staurcsporine 2 uM, 5 h), sorted for GFP-posifivity by flow cytometry and plated.
After 12 days colonies were visualized by staining with 0.1% crystal violet in 20% =thanol.
[e)] Quantitative analysis of the effect of PPD1 on clonogenic survival of STS treated cells.

Experiments were exactly as in [(d) Data regresent mean £ SE of 2 different experments.

Figure 5. PPD1 blocks apoptosis by inhibiting Drpi. {a) MEFs cotransfected with
pEGFP and the indicated plasmids were freated with stauvrosporine (2 pM) for the
indicated times and viabilty was delermined by flow oytomeiry in the GFP posive
population. Data represent mean £ SE of § independent experiments. (b) MEFs of the
indicated genctype were cotransfected with pEGFP and the indicated plasmids and
treated with staurcsporine (2 ph) for the indicated time. Viability was determinad as in (a).

Data are mean £ SE of § independent experiments.
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Abstract

Huntington's Diseasze, a genetic neurodegenerative dizease canszed by a polvglutamine sxpanzion
in the Huntingfin protein iz accompanied by multiple mitochondrial alterations. Here we show
that in cell: from patient: and from a knock-in mousze model of Huntimgton's dizease the
mitechondrial fizzion machinery 1z hyperactive, causing alteratons in the criztae structure amd
therefore leading to increased cytochrome ¢ releaze and apoptosiz. In Huntington®s dizease cells,
mitechondrial franzlecation and activation of the pro-fission protein Drpl iz increaszed, leading to
mitechondrial fragmentation. In these fragmented mitochondria, the oligomers of Opal are more
easily dizrupted upon apoptotic stmulation. Accordingly, cvtochrome ¢ releasze and apoptosiz are
faster. Enforced expression of Opal or prevention of Drpl activation ameliorate mitochondrial
morphelosy and ultraztructare, and ultimately cell death. In conclusion, we elucidate a feed
forward mechanizm of mitochondrial fizzion and erizstae remodelling predizpozing mitochondria

to apoptotic damaze in Hunfington's disease.

Eevwords: mitochondria fission/eristas remodelling apoptosiz: Huntmgton s DMzease
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Introduction

Mitochondria are kev organelles for the life and death of the cell. Thev serve as platforms that sense
damage and amphfy 1t by releasing cviochrome ¢ and other cofactors 1 the cytoplasm 1n crder to
activate effector caspases that accomplish the demnse of the cell (Damal & Eorsmeyer, 2004), This
release 1= tightly controlled by proteins of the Bel-2 famuly, 15 sustamed by the permeabilization of the
cuter mitochondnal membrane and 15 accompamed by changes in the morphology and wirastucture of
mutochondna (Wasilewsk & Secorrano, 2009). Eemodelling of the mutochondnial enstze, with widening
of thelr namrow tubular jmehons (Scomano ef al, 2002), and fragmentaton of the mutochondrial
network (Frank et al, 2001, both requred for the complete releasze of cvtochrome ¢ and the progreszion
of apoptosis, can cross-falk (Gemmain ef al, 2005). Mitochondnal merphology m ving and dving cells
15 confrolled by a growimg family of mitochopdna-shapmme proteins. The core compopents of this
machinery mmclude both pro-fission (the cytoplasmue dypamin related protem 1, Drpl: and it
mutochondnal receptor fission-1, Fisl) and pro-fusion (the large GTPases Ophe Atrophy 1, Opal. m
the mner membrane and Mitofusin, Mfn_ 1 and 2 i the outer mitochondnal membrane) protems (Liesa
et al, 2009).

In many degenerative diseases, mutochondna are more susceptible to apoptotic st (Thompson,
1993). Thas 15 parbcularly evident m neurcnal fissues, charactenzed by lugh energy demands to
mamtain proper finchions (Chan, 2006) and for example umable to swatch to glycolysis when
mutechondnal cxdative phosphorylafion 15 mpaired In keeping with the importance of mitochondnal
shape regulation for the progression of cell death, several newrodegensrative diseases are associated
with mutations m the genes coding for mutechondna shaping proteins. Mutatons m Opal cause
domnant optic atrophy (Alexander et al, 2000; Delattre et al, 20007, while mutztions m M2 are
linked to Charcot-MMane-Tooth IIa (Zuchner et al, 2004). Mutations m other accessory mitochondna-

shaping protems like GDAP] are associated with other newrodepeneratrve diseases (Miemann et al,
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2005) and considerable interest was recently captued by the potential role of mitochondrial
morpholosy changes as the pathogemic mechamism for fammilial formes of Parkinson's disease (FLY)
caused by mutatons in the PINE] and PARETN genes (Poole et al, 2008), albeit it 15 unclear whether
the defect 15 primary (Lutz et al, 2009) or a2 consequence of mutochondnal dyv=fimetion (Gauhier et al,
2008; Morais et al, 2009). Altozether, there 15 3 general consensus that mutochondnal dvnamies 15 2 key
process for neurons, where 1t controls not only survrval (Chen et al, 2007), but also synaptogenesis and
formation of dendnitic spmes (L1 et al, 2004). Thus, nutochondnal alterations are mtensely stedied as
potenfial kev components m the natural history of newodegenerative condiions, meluding
Huntington’s disease (HD).

HD 1= an autosomal domvnant neurodegenerative disease cansed by the expansion bevond 36 of a CAG
repeat 1n the IT15 gene (4pl6.3) (The Huntingtons Dhsease Collaborative Research Group, 1993). HD
15 characterized chmically by vanables age of onset (normally between 40 and 50) and seventy that
comelate directly with the length and the gene dosage of the CAG repeat number (Duyae et al, 1993) .
HD patients are affected by newrological (choreoathetosis, psychiatne distwrbances, cogmtive defects)
and extrameurclogical (wastng, immmnological and cardiclogical defect) alierations and ultimately die
10-20 vears from the onset of the disease (Martin & Gusella, 1986) . The key patholomical feature of
HD 15 the progressive loss of newrons with atrophy and ghosis of the basal ganglia and the cortex,
especially of the GABAermic spiny pewrons of the stiatuwm (Fermrante et al, 1991}, The IT1S gene
encodes for the ubiquitous protem Huntingtn (Hit), and the CAG repeats result in the expansion of an
N-terminal polyglutamine trait (Schilling et al, 1995; Sharp et al, 1995). Htt 15 a larze protem of 350
kDa with no homaology wath other known protems, located m the cvtoplasm and found assocated with
a vanety of subcellular structures, from Golzm to the endoplasome reticulum to mitochondna, to the
maclens where if exerts transenphonal effects (Dhfigha et al, 1995; Gutekunst et al, 1995; De Eooy et

al 1996; Kegel et al. 2002; Panov et al. 2002). Htt is required during development (Zeitlin et al. 1995)
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and 1z subjected to post-translational modifications, melidmge phosphoryvlation and cleavapge, that are
mnportant for the pathogeness of HD (Wellington et al, 2000; Hackam et al, 1998; Graham et al, 2006:
Pardo et al, 2006; Gu et al, 2009).

The exact pathoology of HD remains elusive. Several theones have been put forward to explain how
mmatated Hit 15 newrotoxic: they range from altered transenphonal actrvity (Sugars & Rubinsztem, 2003}
to mpawed miracellilar trafficking (Gunawardena et al, 2003; Trushna et al, 2004) to the formation of
aggregates (Dhfighia et al, 1997) that clog the proteasomal (Jana et al, 2001) and autophagzc
machinenes (Ravikumar et al, 2004), to the hypersensihmity to excitotoxicity (Fernandes et al, 2007).
Irespective of the apical mechamism the key feature of HD remams the death of the GABAermc
neuwrons of the stnatum calling for a crucial role of mitochondrna m the process. This 15 substantiated
by a number of experimental evidence pointing to altered mitochondrial Ca® buffering capacity (Panov
et al, 2002), altered mitochondnal bicenergetics (Grunewald & Beal 1999), increased susceptibality of
cells dermved from animal models of HD to excitotoxicity by N-methyl-D-Aspartate (NMDA) receptor
activation (Zeron et al. 2002). These changes are not only obzerved i cells from HD patients or from
anmmal models of HD, but also recapitulated m vitro or by the expression of mutant Hit (Panov et al,
2002; Choo et al, 2004). The N-termmus of mutant Htt | whose role in indueing smatal dysfunction 1=
well established (Gu et al, 2009), can indeed colocalize with mutochondna and 15 probably responsible
for the retmeval of full length Hit on the organelle (O et al, 2008). In addihon, admimistration of the
tooan 3-mitvopropionic acid (3NPA), a well known mhibitor of complex IT, recapitulates the features of
HD and i= widely used to model the disease in the animal and m +itro (Beal et al, 1993; Almeida et al
2004). Interestingly, 3INPA has been recently reported to cause mutochondnal morphological
abnormalifies in prmary cortical newrons (Liot et al, 2009) and expression of the N-temminal portion of
Htt beaning polyglutamine repeats m Hela cells canses mitochondnal frapmentation, suggesting that

altered putochondnal dynarmes may partcipate 1n the pathobiology of HDY (Wang et al. 2009). Fmally,
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bymphoblasts from HD patents display stmking safochondnal ultrastructoral abnormalhities that almost
completely phenocopy the mages of cnstae remodellng observed m apoptotic mitochondria
(Momone et al, 2008).

Here we report that different cellular models of HD consttutively expressing mutant Hit at
phyvsiclogmical levels (Iyvmphoblast: from pahents or stmatal cells from knock-in mece) display
mutochondnal fragmentation and disruphon of the cnstae. These changes remalt from hyperactivity of
Ihpl, lead to mereased susceptbility to cyiochrome ¢ release and cell death and can be reverted b

prevennng Thpl activation or stabilizng mutochondnal ecnistae.
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Fesult:

Mitochondrial fragmemtation and cristae disruption m cellular models of HD is associated with
imcreased mitochondrial levels of Dhpl.

Lymphoblasts from HID patients beanng a heterozyvgous 48 polyglutamine repeat (480)) display stmking
abnormabties of mitochondnal witrastueture (Mormone et al, 20068). In order to venfy if thiz was
accompamied also by changes m mutochondnal morphology we expressed mn these cells and m
bmphoblasts from age and gender matched bealthy controls a mitochondnally targeted wellow
fluorescent protein (miYFF). Three-I) surface rendered mmages of confocal z-stacks comespondimg to
the whole cellular vohime revealed that m 48() ymphoblasts matochondna were fragmented and
clustered as opposed to the metwrork of Interconnected organelles refrieved in the healthy donor. When
we extended our analysis to hmophoblasts from a patient with a longer repeat (700)) or from another
patient canmyving a homosvgous mmtaton with 45 and 47 repeats (453470 we observed a length and
gene dosage dependent meoreasze m mutochondnal frapmentanon (Fig. 1A B). To venfy if this was
observed also 1 newronal cell we twmed to two clomal stmatal progemitor cell hines 1solated from
knock-in Hdk¥"'' mouse embryos bearing a 111 polyglutamine repeat (Q111/0 and Q111/1) (Trettel ot
al, 2000). Mitochondnal fragmentation and clustermg also charactenzed these cells, Q111/0 showing a
more severe phenotype (Fig. 1C. D). The morphological defect was retamed also when we mduced
newronal differentiation (Fiz. 51). We then tumed fo an ultrastructural analv=is of the stnatal cell lines
and found that the increaszed fragpmentation was accompanted by a loss of the cnistas that are conversely
well developed in the cell hne 1solated from the wt ammal (Fig. 1E). Thus, these experiments show that
mutochondnal frapmentation and disuption of cnstas 15 2 hallmark of cells from HD pahents and a
mouse model of the disease.

To understand the molecular basis of the observed frasmentzhon, we measured levels of mitochondna-

shaping protems n the different HDY cellular models, wathout noticing any relevant change 1 pro-
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fusion or pro-fission protemns (Fig. 2A B). We then twned to isolated mmtochondna and momtored
levels of pro-fission Dhpl, that once dephosphorylated translocates to mutochondna (Cereghetn et al,
2008). Interestingly, we consistently found mere Dhpl associated with HD mitochondna, nrespectrve
of the cellular model they were 15o0lated from Furthermore, imncreased levels of Dipl were retneved on
mutochondnal from the Q111/0 clone and from the lymphoblasts from the 43+47() patient, which
displaved the most severe frapmentation phenotvpe (Fig. 2 C,I0). The increaszed levels of mitochondnal
Dhpl were also more active, as judged by the abundance of Dipl homo-chgomers followmg cross-
hnking (Fig. 2E-G) (Zhm et 2l 2004). Thus, HD-associated frapmentation can result from immereased

mutechondnal levels and actmty of the pro-fission Dhrpl.

Genetic and pharmacological correction of mitochendrial fragmentation in HD models

Mitochondnal morphology 1= the oufcome of the balance between fusion and fission processes, and
mcreased fission for example can be counterbalanced by enhaneing mitochondnal fusion. We therefore
venfied if we could restore mufochondnazl morphelogy to pommal levels by expressing pro-fusion
proteins m lvmphoblasts from HDY pahents. Ectopic expression of the pro-fusion protein Opal (Cipolat
et al, 2004) together with the mutochondral marker mtYFP fully comected mutochondnal fizgmentation
m 48Q, 70 Q (Fig. 3A.B) and m 45+47Q (Fig. 3C.D) lymphoblasts, as judged by our 3D confocal
magng approach. The comechion was also observed m the stnatal cell lines Q11171 and Q11170 (Fig.
JEF). As expected, Opal also caused mutochondnal elongaton i the lymphoblasts from the
comresponding healthy donors and 1 the stnatal cell ine from the wt mouse (Fig. 3). We then decided
to fnther explore whach other mancewiTes could be devised to comrect the severe mutochondnal
frapmentanon of the 45+47Q) lymphoblast and of the stmatal HD cell lnes. A< expected. mitochondrial
elongahon was restored when we expressed the pro-fusion partmer of Opal, Mfnl (whosze levels are

below the mwmmmoblot detection hrmit 1n all the cell ine fested, not shown), or a dominant megatve
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mutant of Dhpl (Fig. 3C-F). We then reasoned that 1f mutochondnal fragmentation was sustamed by
mereased mitochondnal levels of Dipl, we could also attempt to restore morpholozy of the organelle
by mnterfering with 1ts mitochondrial locabization by expreszing a domumant negative caloimennin mutant
that blocks 1ts mitechondnal translocahon (Ceregheth et al, 2008). Notably, this mutant was able to
fully compensate mitochondnal frazmentation in both the Ivmmphoblast and the stiatal cell models of
HD (Fiz. 3C-F). The importance of caloimeunin in the process was further remfiorced by the abality of 1ts
pharmacological mhobitor FE506 to amehorate mitochondrial morphology mn the HIY sinatal models
(Fig. 3E.F). In sum, these data demonstrate that mitochondnal morphology can be comected i the HID
cell hnes by enforcing fusion or by blocking fission. Wetably, blockage of caloimeunn 1s one of the
approaches that restored mutochondnal elongation, suggesting a role for this phosphatasze 1o organelle

frapmentation m the HD models.

Increased apoptoziz in HD cell modelz: the role of Opal-dependent crizitae remodsiling

We next ought to determine 1f the observed mitochondnal frapmentztion was associated with mereased
suscephibility to cell death by mtninsic stmuh that engage the mitochondnal pathway. To this end we
mezasured exposure of phosphatidvizenme m bymphoblasts or actrvation of effector caspases 1n shaatal
precursors by momtonng cleavaze of the caspases substrate PARP, hrespectve of the method wsed, all
the HD cell models were more sensitive to death by stauwrosponne (Fiz. 4) as well as by other stimoml
tested (hvdrogen percoade, etoposide, not shown). Interestinglyv, levels of death seemed to correlate
with the extent of mitochondral frazmentation, even if some unaveidable vanability was observed
especially i the buman healthy donor comfrol cell limes (Fig. 44). Why are HD cells, displayving
fragmented mitochondria, more senmitive to apoptosis? We excluded that thas was a consequence of
lower levels of anti- (Bel-2, Bel-XL), or higher levels of proapoptotic (Bax, Bak) Bel-2 fammly

members (not shown). We then venfied if the mereased death was associated with changes mn the
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mutochondnal pathway of apoptosis. To thas end, we compared the rate of cytochrome ¢ release from
mutochondna of the stnatal precursors in situ by applyving the sermouanttatve localization index we
previously emploved (Frezza et al, 2006). Iirespective of the stomulus used, mitochondna from the cell
beanng the 1110} repeat released cyviochrome ¢ faster (Fig. 5AB). This was not caused by a faster
activation of Bax or Bak (not shown). We then wanfed to venfy 1f this increased susceptibihity was
somehow “memonized” by mitochondna outnde of their HD cell confext. We therefore compared
cytochrome ¢ release In response to recombimant BID from mutochondna punfied from the
Ivmphoblasts of the HD patents and of thewr matched healthy donors. Interestingly, mutochondia
1zolated from the HD} hymphoblasts were more suscepiible to BID than thew control counterparts (Fig.
5C.E.G). Also m this case, ohgomenzation of Bax and Bak was comparable, ruling out that the faster
release was the consequence of mmereased activation of the multidomam proapoptofics required for the
ralease of cyiochrome ¢ from motochondna (We of al, 2001). We then reasoned that the mereased
release could reflect alterafions m the Opal -controlled cnistae remodelling pathway. We venfied 1f m
HD mitochondna the dismaption of the Opal confaming ohipomers that keep cristae junctions m check
(Frezza et al. 2006) was affected. Interestingly, distuption of the cligomers comrelated perfectly wath the
rate of cytochrome ¢ release 1o mutochondna isolated from the HDY hmaphoblasts (Fig. 5D F HY.
supportng a role for changes 1 Opal oligomenzaton in the response of HD} mutochondna to apoptohc
stomuli. We smmilarly found that Opal oligomers were less represented and more easily disrupted in situ
m the HD simatal precursors than in thew wi counterpart (Fig. $24). Inferestinzly, m the HD stiatal
cellz we also noted increased cleavage of Opal to short forms following apoptotic stmulafion, leading
to an unbalance between the long and the short forms both required for the formaton of the Chpal
ohizomer (Frezza et al, 2006) and for competent mmtochondnal fusion (DeVay et al, 2009). We next
wished to venfy if the changes mm Opal ohgomenzation were accompamed by ulfrastmactural

alterafions of mitochondna. We therefore performed a morphometnie analysis by elechon nueroscopy

108



of mitochondrial enstae m wit, 11171 and Q1110 snatal precursors early (3 hrs) followng inducton
of apoptosis. The length of the cristas were reduced upon treatment with staurosporine, more 1n the HD
cells than 1n thew wi counterpart (Fig. 64 and quantfication m B). This firther substanfiated a role for

ultrastructural alterations of HD mitochondna in their mcreased susceptibility to apoptosts.

Correction of HL mitochendrial phenotype by Opal or by blockage of fission.

Chr results pomted o a role for enstas morphelogy m the mereased apoptotic suscephibdity of HD
cellular model:, We therefore decided to address if stabilization of Opal olizomers, by enforced
expression of Cpal, could comect the defects of the HD cells, Expression of Opal rescued cell death m
the hymphoblasts from HD patents (Fig. TA) Sumlarly, when we turned to the Q111/0 clone whach
displays the most severe defects 1n terms of mutochondnal morphology, apoptosis and ultrastructmal
changes, we could completely complement 1t by enforced expression of Opal (Fig 7B). We then
verified if also the pro-fusion Minl, that ke Opal comects mitochondnal fagmentation 1 HIY cells
(Fig. 3}, was able to revert the apoptotic phenotvpe. Of note, the lhmphoblasts from the homozyvzous
HD patient, or the Q11170 smatal clone were not protected from apoptosis upon expression of Minl
(Fiz. 7 A, D). Thus, enforced fusion 15 ot sufficient to correct the mutochondnal apoptotic phenotype
of HD cellular models.

At this point we were left with the copundmm of bow mitochondnal frapmentation observed 1 the HD
cell models and sustained by increased mitechondnal levels and activity of Dhpl (Fig 2) resulted m
mcreased suscephibility to apoptosis. We bypothesized that this could be a consequence of the cnistas
changzes that can be inzgered by the activaton of Dhpl (Germain et al, 2005). We tested thus possibility
by addressing if blockage of Dhpl was able to revert the apoptotic phenctvpe and the changes i the
cristas shape. Expression of a dominant negatrve mtant of Dhrpl was able to protect from death the

bmphoblasts from the homeozygous HD patient, or the Q1110 stnatal clene (Fig. TA,C). Furthermore,
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the calemeuwnn mhibitor FES06 that prevents translocation of Dhipl to mutochondna (Ceregheth et al,
2008 was sumalarly effective m preventing achvaton of caspases m the stnatal clone (Fig. 7E). When
we then tumed to the morphometne analysis of the mitochondnal cnstae n the stnatal clones, we
found that expression of Opal was expectedly able to comrect the dismiphon of the mufochondnal
ultrastructure. This was phenocopied by the domunant negative mmtant of Dhpl (Fig. 64 B), further

substantiating 3 model in which the byperactive Drpl of HD cells impinges on cristae shape.
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Diizenssion

The role of mitochondna m the pathogenesis of neurodegenerative diseases 15 under close scrubimy
{(Chan, 2007). This 15 not swprismg, given their position at the crossroad of energy conversion and
mntegration of apoptotic signalling. Mounting evidence support a role for altered mmtochondnal shape m
newrodegeneration: some neuwrodesenerzhve genetic disorders are for example directly linked to
mutatons m the genes that code for core components of the mutochondna-shaping machmery. In the
case of Parkinson’s disease, the genes mutated in the genetic fammhal form of the disorder have been
reported to impmge on mitochondnal shape (Poole et al, 2008). Whether this 15 the case also for HD 15
less clear. Our data show that swtochondna i cells from HD patent: or from a mouse model
expressing a pathologic poly() repeat are fragmented and display changes mn the ultrastructure that are
causally hinked to the mereased susceptbility to apoptosis.

Fizsion 15 one of the hallmarks of mitochondnal apoptosis, together with the remodelling of the cristas
(Frank et al, 2001; Scomrano et al, 2002). Ectopic expression of a 74 poly() from Htt m Hela cells
causes mitochondnal frapmentation. Based on pull-down expenmments, Wang et al suggest that
frapmentation could result from mhibihon of Mfn? (Wang et al. 2009}, However, Mfns have two coiled
coll regions which are prome to protem-protein imteraction (de Brfo & Scorrano, 2008z), theveby
dimimishing the confidence that such an inferachon 15 relevant for the observed fragmentation.
Ervidence of cristze remodelling 15 one of the hallmarks of lvmphoblasts from HD patients (Mormione et
al, 2006}, a widely employed model fo study the mutochondnal alterations in the disease (Sawa et al,
1999; Panov et al, 2002). Owr data show mitochondnal fragmentation m HD lymphoblasts m a Q-
repeat and gene dosaze dependent fashon a result confirmed m statal precursors and differentizted
striatal mewrons from the Q111 knock-in mouse (Trettel et al, 2000). Fragmentation associated with
mcreased translocation and activation of Dipl on mufochondna, a process that we recently found to be

triggered by Dhpl dephosphorvlation by the cyvtosolic phosphatase calemewrin (Cereghetn ot al, 2008).
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Caleineunn recerved considerzble attention in the context of HD. Itz inhibition by FE506 protects from
Hit mduced toxmcity (Z0fro et al 2008) and this has been linked to changes m Hit phosphorylation
(Pardo et al, 2006). Moreover, levels of the caleineunn inhibrtor RCAN1-1L are reduced in HD (Ermak
et al. 2009) and the dysregulation of cytosolic Ca®”, the prosamal activator of caleinewrin, is one of the
halbmarks of HD (Tang et al, 2005). Cur results suzpest that another target of caleineunn in the contesxt
of HD can be Thpl and hence mutochondnal morphology. In fact mitochondnal fragmentation can be
reverted by genetic or pharmacological inhibifion of caleinewrin. It will be mteresting to venfy if the
natural hostory of the disease would be modified 10 mouse models erossed with condibional models of
Dapl zblation recently desenbed (Ishihara et al, 2009).

How does mereased fragmentation of the mitochondna confnibute to the progression of the apoptohe
cascade? One wmfyving model sugpests that activation of the pro-fission protein Dhipl not only canses
the fiagmentaton of the organelle, but also mduces remodalling of the crstae, thereby augmenting the
avalability of evtochrome ¢ mn the mtermembrane space of the orzanelle and hence its release across
the cuter membrane (Germam et al, 2003). Thiz was remforced by recent data showing changes m
Opzl pattern m cells where expression of Dipl was modulated (Bdopert et al, 200%). Such a scenano
seems plausible also in the HD models tested bere. The frapmented mutockondna of HD lhymphoblasts
and stnatal precursors are more suscephible to cytochrome ¢ release and oligomers of Opal, which
control cnistae junctions (Cipolat et al, 2006; Frezza et al, 2006; Yamaguchi et al, 2008) are readily
destabihized m the HD cells. Accordingly, we were able to maintain the intepmiy of mutochondnal
eristae dunng apoptosis not only by the enforced expression of Opal, but also by 2 donunant negatve
mmtant of Dhrpl. Both Opal and mmtant Dhpl protect the HD models from cell death, whole enforcing
fusion by expression of Minl does not. Motably, Minl does pot affect shape of the cnistae and 1=
dispenzable for the antapoptotic activity of Opal (Frezza et al, 2006). This finther substantiztes the

role of ultrastuctural chanpes m the HD phenotype analyzed here.
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How mutochondna are affected in HI)Y 15 2 matter of debate. It has been reported that the multiple
changes in mitochondrial Ca*" handhng (Panov et al, 2002), metabolism (Damiano et al, 2010,
suscephibility to apoptosis (Sawa et al, 1999 could be related to mutochondnal localization of mutated
Hit (Chr et al, 2008) or to transeniphional repulation of the master mitochondral biogenetc gene
PGCle (Cw et al, 2008). Here we add one potential mechamism of structural alterafions, orchestrated
by calcimeunm-dependent mitochondnal translocation and activation of the pro-fission protein Dhpl.
Char studies lend the molecular bazis for future in vive stadies to verify the conmbution of thes pathway

to the newrologmcal phenotype of the diseass.
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Material: and AMethod=

Plasmid:
mtYFP, pCBE-MYC-Mfnl, peDNA3. 1-HA-K38A-DRPL, pMSCV-OPAL, pEGFP were described in
(Cipolat et al, 2004; de Brito & Scomamo. 2008%). pcDMA3I 1-H155Q-CnA was described in

(Cereghetti ot a1, 2008).

Cell Culture, Tranzfecton, Reagent: and Sorting

EBV immmortahzed human B lymphoblasts from one unaffected voluntary subject and one heterozygous
HD patent with 43 CAG repeats were descnbed in (MMormone ef al, 2006). Lymphoblasts from two
mazle subjects (confrol and homozygous with 4547 CAG repeats) and two female subjects (control and
heterozygous with 70 CAG repeats) were obtained from the Conell Institute for Medical Research.
Lymphoblasts were cultwred m DMEM-F12 ((abco), 20% fetal bovine serum (FBS), 50 UmlL
Pemncilling 50 pp/ml. Streptomyein, 100 pM non essenhal amine acids (MEM, Gibeo/ Tovitrogen) and
2 mbd ghatamume (ibeo). Lymphoblasts were electroporated using the MicroForator system (Dhgtal
Bio Technaology) following manufacturer’s mstuctions.

Clonal striatal cell lines established from El4 stnatal pnmerdial of KI-Hdh Q111 and WT-Hdh Q7
hitermate mouse embiyos were desenbed previcusly (Trettel ef al, 20007, Cells were cultwred m
Dlbecco’s Modified Eagle’s Medmm (DMEM) (Gibeo), 10% fetal bovine serum (FBS), 50 U/mL
Pemellin 50 pg/ml. Streptomyem, 100 pM non essenhal amuno acids (MEM, Gibeo/Tmitrogen) and
2 mM glutamine (Gibeo). They were maimtained at the permissive temperature of 33°C. Newrons were
transfected using Transfectn Lipid Feagent (Biorad) followmg mamufachwer’s mstructions.

For sorting, 4 x 10" cotransfected neurons were analyzed by hght forward and side scatter and for GFP

fluorescence through a 530 nm band pass filter as they traversed the beam of an argon 1om laser (488
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mm, 100 mW) of a FACS5Anza (BD). MNon fransfected newrons were used to set the background

fluorescence.

Analvzis of Cell Death

Lymphoblastz treated as indicated were stained with propidivm iodide (FI) and ammexm-V-FITC
(Bender MedSystem). Where mdicated, cells were cotransfacted with pEGFP and the mdicated vector.
After 24 hr cells were freated as descnbed and stamed with Annexm-V-PE (Bender MedSystem)
according to the mamufzchorer’s protocol. Cell death was measured by flow eviomety (FACSCalibur)
as the percentaze of Annewin-V-positive events in the GFP-positive population and viability as the
percentage of Annexin-V-pegatrve, Plaoegative cells for tansfected and wnbensfected cells

respectvaly.

In Vitro Mitochondrial Assays

Mitochondna were 1solated by standard differential centnfugation m isolation buffer (IB) as described
m {Frezza et al, 2007}). Cytochrome ¢ release In response to recombinant ¢BIDY was determuned as
described in (Frezza et al, 2006). p7/pl5 recombmant BID was produced, punfied, and cleaved with
caspase-§ as descmbed i (Frezza et al, 2006). Unless noted, 1t was used at a final concentration of 32

pmol x mg .

Biochemiztry

For protein crosshoking, mitochondna were treated with 2 mbd EDC (Prierce) m EB for 30 pum at 37°C.
Samples were cenmfuged for 10 mun at 12000xg at 4°C, and the mitochondnal pellet: were
resuspended m SDS-PAGE sample loading buffer. DTT m the sample uffer quenched the crosshnking

reachon.
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For DEP] crosslmkmng studies, cells were lysed in 6mM CHAPS in PBS for | e at 4°C; an equal
amount of proteins from each lysate was treated with 1 mM BS® (Pierce) 2 hrs on ice. The reaction was
stopped by 15 nun incubation with 100 mM Tn=HCI buffer (pH 7.4) at 25°C.

For OPA]l crosshoking expenments m neurons, cells were treated as mdicated and ncubated wath 1
mb{ DS5 (Pierce) for 30 min at 25°C. The reachon was quenched by 15 min menbation wath 100 mbd
Trs/HC] buffer (pH 7.4) at 25°C.

For mmumobloting, protemns were separated by 7% Tns-Acetate, 3%-8% Tns-Acetate or 4%-12%
Tns-MOPS S5D5-PAGE (MNuPage, Imntrogen), transferred onto PVDF membranes (Millipore), and
probed usmg the indicated primary antibodies and 1sotype matched secondary anhbodies conugated to

horseradish peroradase. Siznals were detected using ECL (Amersham).

Antibodies

For mmmunoblothing expeniments the following antibodies were emploved: mouse monoclonal anh-
OFPA] anhbody (1:15300, BD Biosciences); mouse monoclonal anfi-DEPL (1:1500, BD Biosciences):
monse monoclonal ant-BIFMN2 (1:1000, Abnova); rabbit polvelonal apt-FIS]1 (1:1000 Abnova); rabbat
polvclonal ant-TOMX) (1:2000, 5t Cmz Bictecnology); mouse monoclonal aph-actm (1:3000,
Chemucon); rabbat polyclonal anti-PARP (1:1000, Cell Signalng) Isotype matched, horseradish
peroxidase conjugated secondary anbibodies (Amersham) were used followed by detechion by

chermhmuinescence (Amersham}.

Trazmizsion Electron Microzcopy and Alitochondrial Morphometry

Cells were fixed for 1 hr at 25°C using glutaraldshvde at a final concentration of 2.53% (v} m PBS.

Embedding and stamming were performed as desembed m (Scomrano et al, 2002). Thin sectons were
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mnaged on a Tecnar-20 electron mucroscope (Philips-FEI). Mitochondnal enstze msorphology was

analvred usmg Metabdorph softwrare.

Imaging

For magng of mitochondnal metwrork, yvmphoblasts of the mdicated genotvpe were transfected as
mdicated. After 34 hrs, cells were plated m serum-free mednnm for 1.5 hrs to promote adhesion to
fibronechn (3 pg'ml, Sigma) coated coverslips. Samples were analyzed with a Mikon Echpse TE300D
imverted mucroscope equipped with a Perkin Elmer Tlianiew LCTL A prezoelectic axs motonzed stage
(Pifoc, Physik Inshumente), and an Orca ER 12-bat CCD camera (Hamamatsu Photomes). Cells
expressing mt ¥ L P were excited using the 488 nm line of the He-Me laser (Perdan Elmer) with exposure
tmes of 100 msec using 3 1001 4 A Plan Apo objective (Mikon). Stacks separated by 0.4 um alongz
the z ax1s were acqguired. 3D reconstructon and volume rendenng were performed using a plug-in of
Image] (WIH).

For confocal imaging of neurons, 10° cells were seeded onto 24 mm-round glass coverslips and
transfacted as mndicated. After 24 hrs cells were meubated in Hank's Balanced Salt Solotion (HESS)
supplemented with 10 mbd Hepes and coverships were placed on the stage of 3 Zerzs LM 310 mrrerted
mucroscope. Cells expressing miT PP were excited nsing the 488 nm lme of the Argon laser using a
63x1.4 NA Plan Apochromat objectrve (Zeizs).

Chizntitative anzalysis of mitochondna morpholegy was performed a5 previously desembed (Cipolat et
al, 2004). Cells were classified as having fragmented mitochondria when more than 50% of the total
cellular erganelles displaved a major axis shorter than 5 pm for newrons and 3 pm for hmphoblasts.
For immunofluorescence experiments, 12x10* cells were plated onto 24 mm-round glass coverlips and
transfacted wath miBFP. After 24 hrs cells were treated for 2 brs with 1 mM HyOh m complete mednim,

fixed and mpmwmmnostamed with anti-cytochrome ¢ antbody (12200, BD Biosciences) and isotvpe
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matched FITC-conugated secondary antibody. For cytochrome ¢ and mtBFP detection green and red
chanme]l 1mages were acquured simmltanecusly uwsmp tero separate color chamnels on the detector
assembly of 2 Zeiss LSM 510 using a 63x1.4 NA Plan Apochromat objective (Zeizs). The locahzaton

mmdex was caleulated as descnbed 1 (Frezza et al, 2006).
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Fizure legends

Figure 1. Mhtochondrial fragmentation and cristae derangement in HD?Y hnphoblasts and
neurons.

(&) Lyvmphoblasts of the mdicated genotvpe were transfected wath mtYFP. Fandomly selected
confocal, 14 pm deep = axs stacks were acqguired, stored, reconstructed, and volime rendered. Scale
bar, um.

(B) Momphometnic analysiz of mitochondral shape. Experiments were as m (A). Thity randomby
selected, reconstructed and wolume rendered = stack series were classafied as descnbed. Wit refers to
pender-matched control of HD lymphoblasts. Data represent mean T SE of fouwr mdependent
exXperments.

() Neurons of the indicated genotype were transfected with ot ¥YFP. Conforal images of mtYFP from
randomly selected cells. Scale bar, 20 pm

(D) Morphometne analysis of mitochondnal morphology. Expenments were as m (B). Fifty randomly
selected mmapes of mtYIP fluorescence were acqured, stored and classified as desembed. Data
represent mean T SE of five independent experiments.

(E} Eepresentative elactron micrographs of wt and HD (111} stnatal neurons. Cells were fixed and
TEM mmages of randomly selected flelds were zoquired. Boxed areas represent a 2.3x magmfication

Scale bar, 1pm.

Figure 2. Translocation and activaton of Drpl m HD cells
(A and B} Equal amounts of proteins (20 pg) from ymphoblasts (A) and smatal precursors (B) of the
mdicated genotvpe were separated by SDS-PAGE and mmmminoblotted with the mdicated anfibodies.

For lvmphoblasts, Wt refers fo gender-matched control.
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(C and ) Equal amounts of protemn (30 pg) from mutochondna isolated from newrons (C) and
bymphoblasts (D) of the mndicated genotype were analyzed by SD5-PAGE mwmmoblothng wang the
ndicated antibodies.

(E-) Cell ly=ates froms Ivmphoblasts (E and F) and newrons (&) of the mdicated genotype treated as
mdicated for 2 hrs. The reachon was guenched and equal amounts of proteins (20 ugl were separated

by SD5-PAGE and immmunoblotted wsmg the mdicated anhbodies.

Figwre 3. Correction of mitochondrial merphology in HD cells.

(4.0 Lyvmphoblasts of the indicated genotype were cotransfected with mdY TP and empty vector or the
mmdicated plasomds. Expenments were performed exactly as m Fiz. 1. Scale bar, 5 ym.

(B.D) Morphometric analysis of mitochondnal shape. Expeniments were 235 m A and C, respectively.
Thirty randomly selected. reconstructed and volume rendered =z stack series were classified as
deseribed. Data represent mean T SE of four independent experiments.

(E) Cells of the mdicated genotype were cotransfected with mtYFP and empty vector or the mdicated
plasmads. When indicated, cells were treated wath 1 pwhd FE306 for 1 by before acqusibion of mmages.
Images were acqumed exactly as in Fig. 1. Scale bar, 20 um.

(F) Morphometric analysis of mitochondnal mopholosy. Expenments were as m E. Fifiv randomly
selected mages of mtYFP flucrescence were acqumed. stored and classified as desenbed. Data

represent mean * SE of five independent experiments.

Figure 4. HD cells are more susceptible to apoptosis.
(A} Lvmphoblasts of the mdicated genotvpe were treated with 2 pl steurospornne. At the imdicated
times, vizbility was determined eviofluormmetnically as the percentage of Annexin-V-megzative, PI-

negative cells. Data represent mean T SE of seven independent experiments.
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(B) Neuwrons of the mdicated zenotvpe were treated wath 2 pbd staurcsponne. At the mdicated tomes,
cells: were lysed and equal amounts of protems (30 pg) were ssparated by SDS-PAGE and

mmmnnoblotted using the indicated antibodies.

Figure 5. Cyvtochrome ¢ releaze and disruption of OPAL olizomers 1= faster in HI cell=,

(A) Representative confocal images of smatal cells of the mdicated genotype transfected with mtRFP
and mmmmnostained with ant-cytochrome ¢ (green) antibody. When indicated. cells were treated for 2
brs wath lmM H,Os.

(B) Locahzaton index of cyvtochrome ¢. Cells of the mndicated genotvpe were treated where mdicated
for 2 s with lmM H:0h or for 5 hrs with 0.75 pM staurosponne (STS). Locahzahion mdex of
evtochrome ¢ was deterowvned as deseribed (Frezza et al, 2006). Datz represent mean =5E of 3
mmdependent expeniments (p=30 randomly selected cells per condibion 1n each expenment).

(C. E, &) Mitochondna 1solated froms lvmphoblasts of the mmdicated genctype were treated for the
mdicated times with cBID. After centmfugaton the amount of cytochrome ¢ In supermatant and pellet
was determmed by a specific ELISA. Data represent mean T SE of four independent experiments.

(D, F, H) Mitochondna from hymphoblasts of the mdicated genctype were treated with ¢BID for the
mndicated tomes and then crosslinked with 2 mbd EDC. After 30 mm the reacthon was guenched and

equal amounts of proteins were amalvzed by SD5-PAGE tmmmnobloting wsing anfi-0OPA L antbedy.

Fiure 6. Apoptotic ultraztructural change: in HD mitochondria are faster and prevented by
OPA] and blockage of DEFL.

(&) Bepresentative EM fialds of meurons of the indicated genotvpe. Cells were cotransfected with GFP
and the mdicated plasmmds and then sorfed by cytofluonmetry. GFP-posiive cells were sesded and

after 18 hrs cells were treated when indicated with 2 uM staurosporme for 3 hrs. Secale bar, 1 ym.
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(B) Mophomeine analysis of randomly selected EM fields of mitochondna from newrons of the

mdicated genotype. Expenments were performed as in A, p=30 mutechondna per sample.

Figwre 7. Correction of apoptosiz in HDY cells by enforced expreszion of Opal or blockage of Drpl.
{A) Lymphoblasts of the indicated genctype transfected as indicated were treated wiath 2 pM
staurosponne. At the mdicated fimes, cell death was detenmined cytofiuonmemecally as the percentage
of Annexin-V-positive cells m the GFP-positive population. Wit refers to gender-matched confrol of
HD lymphoblasts. Data represent mean T SE of five independent expeniments.

(B-I} Mewrons of the mdicated penotvpe were cotransfected with GFP and empty vector or the
indicated vectors. After 24 hrs cells were treated with 2 pM staurosporine for 3 hrs and 3x10° GFP
postirve  cells were sorted by cviofluommetry and lyvsed. Protems were znalyzed by S5DE-
PAGE immnmoblothing nsing the mdicated antibodies.

(E} Meurons of the indicated menctvpe were treated when mmdicated wath 1phd FE306 for 5 hus, 2 ubd
staurosporine for 3 hrs or wath 1 pM FE506 for 2 hrs followed by 2 3 hrs treatment with stauresponne.
Cells were lysed and equal amount: of proteins (30 pg) were separated by SD5-PAGE and

mmmmnoblotted using the indicated anhibodies.
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Supplementary Material: and AMethods

Neuronal Differentiation and Imaging

Meuronal differentiation was induced as desenbed m (Trettel et al, 2000). Briefly, cells were meubated
for 14 hrs in serum-free DMEM supplemented with o-FGF (10ngml) (Abcam), IBMC (240 uhd), TPA
(20 pM}, forskolin (486 uM) and dopamuine (5 ub}) (Sizma).

For imaging of mutochondnal network cells were loaded with 20 oM TMEM (Sigma) n HBSS

supplemsented with 10 mld Hepes for 30 pun at 37°C.
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Legend to supplementary Figures

Fizure 51. Aitechondrial morphology in striatal precursors following neuronal differentiation.
Confocal mmages of randomly selected differentiated neuron-hke cells loaded with TMEM. Scale bar,

20 pum.

Figure 52, Apoptotic changes in Opal olizomerization and cleavage in striatal HD precursors.

{A) An equal number (5x10%) of neurons of the indicated zenotype was treated with 1 mM H,0, for 6
hrs. Cells were then treated with 1 mM D55 and after 30 pun the reaction was quenched. Equal
amounts of protems were analyzed by SD5-PAGE immmumeblotting using ant-OPA] antibody.

(H) Meurons of the indicated genotvpe were treated when mdicated wath 2 ubd staurosponne for 3 hrs.
Equal amounts of protemns (20 pz) were analyzed by SDS-PAGE immumobloting using the mmdicated

anftibodies.
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5 Conclusion and Perspectives

In this Thesis we analyzed the role of calcineurin-dependent mitochondrial fission in
cell death and the relevance of this pathway in the pathogenesis of Hungtinton’s
disease.

Our results show that the specific inhibition of the phosphatase calcineurin by the
peptide PPD1, corresponding to the peptidylprolyl isomerase domain of FKBP52,
inhibits apoptosis delaying cytochrome c release. Notably, the protective role of
calcineurin inhibition results from the block of the translocation of the pro-fission
protein Drpl to mitochondria and the subsequent inhibition of mitochondrial
fragmentation during apoptosis. These data further support the view that Drpl and
mitochondrial fission participates in cell death.

Increasing evidence indicates that mitochondrial dynamics are essential for neuronal
synaptic maintenance and plasticity and abnormal mitochondrial fragmentation is a
hallmark of several neurodegenerative diseases associated with increased apoptosis.
We showed that in Huntington’s disease mitochondria are highly fragmented and this
is due to the hyper-activation of the mitochondrial fission machinery as demonstrated
by the higher oligomerization and increased translocation of Drpl to mitochondria.
Moreover, we observed alterations in the processing of OPAL in cells bearing the
mutation in huntingtin gene. Huntington’s disease cells displayed enhanced
susceptibility to cell death and faster release of cytochrome c in response to intrinsic
apoptotic stimuli. We were able to correct the morphological phenotype by
overexpressing pro-fusion proteins and inhibiting the fission machinery. However the
protection from cell death was achieved only when the calcineurin-Drpl axis was
inhibited or OPAl1 was overexpressed, but not upon overexpression of MFNL.
Moreover, overexpression of OPA1 and a dominant negative form of Drpl could
restore normal cristae structure and protect from cristae remodelling during apoptosis.
These data suggest that regulation of mitochondrial morphology per se is not sufficient
to protect from cell death, but it has to correlate with preservation of mitochondrial
ultrastructure. While the role of OPAL in the regulation of cristae structure has been
well characterized, the precise mechanism by which inhibition of Drpl affects
mitochondrial ultrastructure remains unclear. Recent reports show that Drpl ablation
causes changes in the cleavage of the inner membrane Opal (Mopert et al., 2009)

raising the possibility that the pro-fission dynamin-related protein could indirectly
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influence cristae morphology acting of OPA1 regulation and activity. In Huntington’s
disease the picture is even more complicated because of the presence of
mitochondrial metabolic defects, being OPAL1 processing dependent on ATP levels
(Baricault et al., 2007). The data collected so far are not sufficient to understand which
is the primary cause of the observed mitochondrial defects but our results show that
regulation of morphology and ultrastructure can dominantly affect cell death. Moreover,
recent reports show that correction of mitochondrial shape can restore ATP production
in cells bearing mutated huntingtin (Wang et al., 2008), confirming the intimate link
between mitochondrial shape and bioenergetics and further supporting the importance
of mitochondrial dynamics in the disease. Although a single gene mutation causes
Huntington’s disease, the outcome is highly complex and our work characterized a
novel pathological mechanism and identified molecular players that could serve as

potential therapeutic targets.
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