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Abstract

ABSTRACT

Spinocerebellar ataxia type 3 (SCA3) is a domiryambherited,
neurodegenerative disease caused by the presenae ekpanded
polyglutamine repeat inside ataxin-3, the protamogled by MJD1
gene (located on chromosome 14).

Bioinformatic analysis, usingNetPhos 2.0 PHOSIDIA and
ScanProsite showed the presence of eight casein kinase 2 \CK2
phosphorylation sites and three glycogen synthasasé& 3 (GSK3)
phosphorylation sites in ataxin-3 sequence. CK?2a ipleiotropic
kinase involved in many cellular processes and GB&S8turned out
to have a key role in the regulation of many celhdtions, both
kinases are involved in neurodegenerative diseasesorder to
investigate the possible role of ataxin-3 phosplabion by CK2 and
GSKa3 on its sub-cellular localizatiom vitro phosphorylated AT-3Q6
was analyzed by mass spectrometry phosphomappimg.analysis
identified 7 phosphorylation sites for CK2: theises 29, 272, 277,
329, 341, 344 and the threonine 271 and 3 phosfatmny sites for
GSKa3: the serines 29, 268 and 273. We obtained ntautiacking
phosphorylation sites for CK2 and GSK3 by PCR, sultgg serines
and threonine with alanines: S29A, S272A, S277A, (BA72A and
S277A), TM (T271A, S272A and S277A) and QM (S268R71A,
S272A, S273A and S277A).

Sub-cellular localization of these mutants was #tigated in COS7
transfected cells, through sub-cellular fractiomati mitochondria
extraction and confocal microscopy.

Only S29A mutant showed a phenotype, in fact it lsadower
localization in the nucleus than the wild-type, gesting that this
phosphorylation site might be involved in nucletaxa-3 import.

In order to confirm the role of S29 phosphorylation ataxin-3
nuclear uptake, this residue was substituted by RER an aspartic
acid, yielding S29D mutant, mimicking the presentéhe phosphate
negative charge.

Confocal microscopy and sub-cellular fractionatgimowed that this
mutant has the same sub-cellular localization ofldipe,
demonstrating that the identified phenotype is doe lack of
phosphorylation and not to amino acidic substitutio

Sub-cellular localization was also investigatedSIHSY-5Y cells, a
human neuronal cancer cell line, and also in tredls the S29A
mutant showed a lower nuclear localization tharnvihe-type.
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Abstract

COS-7 cells expressing either AT-3Q6 or AT-3Q6S28&e grown
in the presence of CK2 inhibitor TBB (tetrabromobaimiazole) and
GSK3 inhibitor SB216763. Inhibitors were added tovgh media
either separately or in combination. When the caltmedium was
supplemented with TBB alone, both wild-type AT-3@6d S29D
mutant were found evenly distributed between th®syl and the
nucleus, suggesting that TBB could not prevent @2&phorylation.
The same happened when only GSK3 inhibitor SB216W&3
administered. However, when both inhibitors weredeatito culture
medium, nuclear translocation of wild-type AT-3Qppaared to be
reduced, a behaviour closely mirroring that of S2@atant. These
data clearly show that CK2 and GSK3 can subst#ats other in the
phosphorylation of S29, promoting AT-3 nuclear bketa

Mueller and coworkers (Mueller et al, 2009) demonstrated that
serine 340 and 352 within the third ubiquitin-irteting motif of AT-
3 were particularly important for nuclear localipat of normal and
expanded AT-3. To demonstrate if the combinationS@BA with
Mueller’'s mutants could suppress AT-3 nuclear uptake obtained
AT-3Q6M substituting S29, S329 and S341 with alagjnin fact
S329 and S341 correspond to S340 and S352 resggadtivhuman
AT-3. Our data demonstrated that removal of S32D%341 does not
further reduce S29A nuclear uptake.

To demonstrate if S29 was also involved in nuclgatake of AT-3
pathological form we mutated S29 of AT-3Q72 to alanOur results
demonstrated that the mutation does not change @a23nuclear
localization.

VCP/p97 is a key protein essential for the extoactof substrates
from the endoplasmic reticulum (ER) to the cytasoER-associated
degradation (ERAD). Since VCP/p97 interacts withxat-3 in a
region between aminoacids 257 and 291 (BoeddrichktAal,2006),
we studied the interaction Dbetween the mutants ingck
phosphorylation sites in this region, and VCP todarstand if
phosphorylation was involved in this interaction. this region of
interaction with VCP there are 3 phosphorylatiagasior CK2 (T271,
S272 and S277) and 2 phosphorylation sites for GEE368 and
S273).

We studied the interaction between VCP/p97 and 8B3r the
mutants TM (T271A, S272A and S277A) and QM (S268271A,
S272A, S273A and S277A) by immunoprecipitation of-2 from
COSY7 cells co-transfected with VCP and AT-3.
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The mutants showed the same interaction with VCiheasvild-type,
suggesting that these phosphorylation sites are imatlved in
interaction with VCP/p97.

To assess whether the phosphorylation sites hadffant on the
interaction between VCP/p97 and its substratedyeated transfected
cells with DTT to obtain an ER stress. No differetetween AT-3Q6
and its mutants was detected in these conditiorseftheless, in the
presence of ERAD stress, AT-3 showed a weakeraaten with
VCP than in normal conditions. This suggests thae¢nwER is under
stress, VCP/p97 must increase its interaction w&mormal partner
Ufd1l and with polyubiquitin chains to degrade ERADbstrates, so
VCP/p97 must decrease its interaction with AT-3.

We also studied the interaction between VCP/p97AN@Q72 with
or without inducing ER stress conditions and wewskeh that there
was no change in the interaction between AT-3Q7@ WGP/p97
under stress condition. Nevertheless AT-3Q72 hasstranger
interaction with VCP than AT-3Q6, as demonstratgdZbong and
coworkers (Zhong Xetal., 2006). Therefore the pathological form of
AT-3 interacts aberrantly with VCP/p97 also in EfRess condition,
leading to a deregulation of ERAD.

Overproduction of reactive nitrogen species (RN®H aeactive
oxygen species (ROS), which lead to neuronal nglly and death, is
a potential mediator of neurodegenerative disordéos understand
the role of nitrosative stress in Spinocerebellaaxfa Type 3 we
studied the expression of NO synthase in Neurola transfected
with AT-3Q6 or AT-3Q72. The results demonstrateat tin presence
of AT-3 pathological form there was an increasé\{DS expression.
Thus we studied nitration pattern through mono amtimensional

analysis and we observed that in presence of paglwall form of AT-

3 there was a remarkable increase in protein m@traboth as nitration
level and as number of nitrated proteins. Theretbee presence of
AT-3 pathological form causes activation of nitrbga stress.
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1. Introduction

1.1 TRINUCLEOTIDE REPEAT EXPANSION DISEASES
(TREDS)

Many regions rich in trinucleotide repeats havenbeend in different
positions in the genome of eukaryotes, both in mpdand in non
coding sequences. Some of these expansions aredrétethe genesis
of pathology, typically a neuropathology, when ediag a typical
threshold. These pathologies are now known asdieotide repeat
expansion diseases (TREDs) (Richards Bt &l, 1997)

If the repetition is located in a non coding regibnan influence the
regulation of the nearest genes, but if it stands coding one it leads
to the formation of an aberrant protein. These amgjicontaining
expanded repetitions are subject to a dynamic bilgya which can
cause an elongation of the repetition in the offgpra phenomenon
called anticipation (Richards R. &t al, 1997). This depends on the
propensity of a highly repeated DNA sequence toetgm a wrong
crossing over, the so called mitotic, meiotic ostpmitotic instability
(Ross C. A., 1995; Perutz M. F., 1996).

TREDs can be divided in two classes. The first mdudes all the

diseases caused by expansions in non coding regioict influence

nearby genes regulation. It includes diseases &sgfle syndrome,

myotonic dystrophy, Friedreich ataxia and EPM1, anagenic

progressive form of epilepsy (Mandel J. L., 199Pathologies

classified as class Il are caused by expansionsinvthe coding

regions of different genes. They consist mainl{aG triplet repeats,
which are translated in polyglutamine (poly-Q) sthes. Diseases
caused by this kind of mutations depends on thelymton of a

protein which can loose its physiological functiand gain a new
toxic one; these mutated proteins show a cytotbgicaviour, which

leads to the death of peculiar neuronal cell patmris.

Nine poly-Q diseases are known so far: Huntingteseake (HD),

dentatorubral pallidoluysian atrophy (DRPLA), sdntbar muscular
atrophy (SBMA) and 6 different types of spinocelidveataxias

(SCA): 1, 2,3,6,7,and 17.

1.2 POLY-Q DISEASES

SBMA is the only pathology linked to the X chromosoriaKizuka
A., 1998); the gene involved codes for the androgeeptor. The
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1. Introduction

poly-Q stretch is located near the N-terminus efphotein and is not
necessary for the receptor function, but it caukespathology when
its length exceeds a threshold of 38 consecutiueaglines (Zoghbi
H. Y. et al, 2000).

In DRPLA the aberrant protein contains a minimum of 49 tigpes,
is mainly cytoplasmic and does not present any hogyowith any
known protein.

The most studied amongst class Il pathologiesrsicdy Huntington
disease (HD)which is caused by a 348 kDa protein, called ingtin,
which is found in the cytosol, where it associdtesicrotubules and
to presinaptic vescicles in neurons. This protei&nss to be essential
during neurogenesis (Bates G. €. al, 1998), as well as for the
transcription of Brain-derived neurotrophic faci@DNF) which is
fundamental for the survival of striatal neuronsi¢@ato C.et al,
2001). Pathology occurs if the repetition is lontfemn 36 consecutive
residues.

Spinocerebellar ataxiashow many similarities in pathological
symptoms, such as a diffused degeneration of ckwebe and
superiors tracts of the spinal cord, although tretgins involved are
completely different.

Ataxin 1 is a protein of 792-830 aminoacids whiades not present
any similarities with other known proteins; its palbgical threshold
is over 44 consecutive glutamines (Servadi@tfal, 1995). Ataxin 2
is a cytosolic protein that becomes pathologicathié glutamine
stretch exceeds 36 repetitions. Ataxin-3 is thaginoresponsible for
Spinocerebellar ataxia type 3 or Machado Josepdasdés and is the
subject of our studies. Ataxin 7 is a nuclear grote# 130-180 kDa
with the poly-Q stretch at its N-terminus. Unlikeecen 1 and 2 it
presents no interruptions in the repetitions whacé considered non
pathologic when shorter than 35 residues (Zoghby Het al, 2000).
Spinocerebellar ataxia type 17 has been recentgracterized
(Maltecca Fet al, 2003). The protein causing this pathology is TBP
(TATA box-binding protein), a very important factfmr transcription;
the pathological threshold corresponds to 47 cartsecresidues.

A really interesting observation about all theséhpbgies is that the
proteins involved are structurally different fromeoanother, except
for the presence of the poly-Q stretch; moreoveir ttunctions (when
known) are not necessary linked, neverthelesseinsdikely that the
mechanisms causing the diseases are similar gasdls, since they all

10




1. Introduction

share many peculiar features. The length of thg-Qostretch and the
age of onset of the pathology are inversely relathd longer the
repetition, the earlier the onset of the patholoygvertheless each
disease shows a different threshold in the repaath, as well as a
different correlation between the length of theypQland the severity
of the syndrome, maybe due to the different phggighl contest
(Gusella J. F.et al, 2000). In all cases the allele carrying the
expanded triplets is dominant on the wild-type ewen if the genesis
of the pathology and its severity are more closieked to the length
of the poly-Q stretch than to the homozygosis far mutation. Poly-
Q diseases affect particular cell lines, despiggrtsharing a common
pathological mechanism; this is probably due to héerent
physiological contest and to differences in thetgrofunctions and
cellular partners.

1.3 MODELS FOR POLY-Q DISEASES

The mechanism leading to the onset of poly-Q de®dms not yet
been fully elucidated, in particular it has not tetearly established if
the major role is played by the poly-Q itself orthg whole expanded
protein.

Many experimental models have been set up in otdebetter
understand the genetic causes of these patholdgasgenic mice,
cultured cells or other non complex organisms thedr-produce the
expanded protein and show a cellular degeneratimias to that
found in affected patients (Gusella JeFal., 2000).

For instance, in cultured cells an expanded polgtfe@tch always
leads to the formation of aggregates even thoughdibes not always
cause cell death. Transgenic mice expressing HD éxxarrying 150
consecutive glutamines, showed neuropathology amabetes;

moreover, many nuclear inclusions (NI) have beeumndbin their

encephalic neurons, even though they did not shev rhassive
striatal neuronal loss typical of HD (Gusella JeFal, 2000); many
observations suggested that the phenotypic maaifess of HD were
linked to insoluble amyloid material aggregatedha nucleus. Mice
models of SBMA, DRPLA, SCA1, SCA3 and HD, in whitte whole

protein was expressed, also presented NI in tleeirans.

These results led to the “gain of function” hypaike according to
this hypothesis the expanded protein gains a new fanction that

11



1. Introduction

leads to cell death. In 1994 Perutz proposed tkpareed poly-Q
stretches would organize infastrand that can interact by hydrogen
bonds forming the so called “polar zippers”, respble for the
formation of protein aggregates (Perutz Mefal., 1994); however, it
is still debated whether the expanded stretchfiecgnt for the onset
of the pathology. Recently it has been proposetiahgregation does
not depend directly on poly-Q, but that the latiely destabilizes the
structure of the protein, which goes through agagtieg with itself
and other cellular partners (Chaiat.al, 2001).

The localization of the proteins involved in polydeases seems to
be an important factor for the pathogenesis; it beesn demonstrated
that the non pathological proteins are mainly oytios while the
expanded forms are usually found aggregated intige nucleus
(Zoghbi H. Y. et al, 2000). Interestingly a study from Yang and
colleagues, on isolated poly-Q fragments, suggésitsthe expanded
protein exerts its new toxic function only whemstcated inside the
nucleus (Yang W.et al, 2002). Another debated point is the
importance of NI in the pathogenesis: it has bdeaws that mouse
models of SCA1 presented neuronal loss even inatheence of
inclusions (Klement I. Aet al, 1998); moreover, Fujigasaki and
colleagues have demonstrated that many other psptbesides the
expanded form, are sequestered in NI and this ean\ery important
step, leading to neuronal dysfunction and deathig&saki H.et al,
2001). Cellular partners sequestering suggests idea that the
proteins involved in these pathologies play a maormgortant role in
the pathogenesis than poly-Q alone. Expanded polgt@tches
aggregate and have a cytotoxic effect, but caneproduce the
pathological manifestation of the disease. Moreoverany
transcriptional factors are found to be sequestarddl and a loss in
transcriptional regulation can be important in teey to cell death. It
has been demonstrated beyond any doubt that thweafimn of
insoluble intranuclear amyloid aggregates is linteethe pathology.

Recently Chiti and colleagues have found that mproteins not
linked to these pathologies, such as acilphospbatas form amyloid
fibrils after destabilization of their secondaryusture (Chiti F.et al,
2000). These data support the increasingly moreped idea that the
poly-Q stretch is important for the onset of théhpdogy, but that its
progression depends on the protein involved.

12



1. Introduction

The poly-Q stretch is nowadays a topic of discussits possible
function and structure are still unknown. Long t@mns of
glutamines (GlIn) are present in many transcriplioiagators, like
Drosophila homeoboxes. Here the loss of the polya@t does not
affect the protein binding to DNA, but alters itartscriptional activity
(Perutz M. F.et al, 1994). Studies on human transcriptional factor
Spl showed that its zinc-fingers become active omlyen the
repetition undergoes splicing (Perutz MeFal, 1994). Nevertheless,
the poly-Q stretch is not always associated to rectfan. Murine
ataxin-3 (AT-3) presents only 5-6 consecutive Ghilevthe human
range varies between 12 and 84; this suggestsh#rat the poly-Q
stretch does not have a specific function.

Another question regards how the expanded poly-€cs$t can lead to
the formation of insoluble, well structured aggrega

Many in vitro experiments showed that expanded poly-Q stretch
always aggregate, both in a protein context anslyathetic peptides:
the longer the expansion, the faster the procese @ the most
widely accepted model on the intrinsic aggregatmoperties of
expanded poly-Q stretches, suggests that it cam farp-helix
structure composed of at least two turns of 20duves each (Perutz
M. F. et al, 2002; Merlino A.et al, 2006), a novel conformational
motif rich in parallelp-sheets that has been found in many protein
structures in the PDB (Zanuy Bt al, 2006). These helices seem to
be stabilized by hydrogen bonds and can work ateation centres
for the formation of bigger aggregates. This hypets is supported
by Circular Dicroism (CD) data obtained on ataxjntBe protein
involved in the Machado Joseph Disease, showingt tifee
pathological form undergoes an increas@-sheet structure together
with a decrease im-helices. This suggests the importance of the
expanded poly-Q stretch in destabilizing the nasweicture of the
protein (Bevivino A. Eet al, 2001; Shehi Eet al, 2003).

1.4 NUCLEAR INCLUSIONS (NI) AND PATHOLOGICAL
MECHANISMS

The typical midlife onset of the pathology suggebktt the molecular
mechanism of pathogenesis goes through the acctionutz a toxic
intermediate that leads to the selective degermerati a peculiar cell
line (Paulson H. L., 1999). Moreover an expandetl-@b stretch
could facilitate the misfolding of the protein inved and of any other

13
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protein whose structure can be perturbed by intiers with poly-Q
expansion, leading to the accumulation of aggregdte particular
caspase cleavage could very likely promote misfgidiand
aggregation, through the release of the poly-Qditrer an alteration
of the intracellular trafficking of the polyglutandated protein
(Paulson H. L., 1999).

Many studies suggest the importance of nuclearskvaation of the

pathological proteins, to form aggregates: nuc&aironment seems
to promote aggregation more readily than cytoplasiinis might be

due to the fact that nucleus is less efficientegrading, refolding or
disaggregating misfolded proteins. Alternativelyhet intricate

structure of the nucleus might concentrate expangdexteins in

subdomains that foster aggregation (Paulson HL999).

The formation of nuclear inclusions is a commonudeaof all poly-Q

diseases and seems to be important in the develgpuoie the

pathology, as supported by the discovery, in thediimany different
cellular proteins apart, from the polyglutaminadteins and their
wild-type forms. The existence of glutamine-richrtscription factors
suggests that expanded proteins might impropenrd kuch factors,
thus altering the transcription of genes that arecal for neuronal

functions; other nuclear functions could be disedpin a similar

manner (Paulson H. L., 1999). The hypothesis thatpolyglutamine
domain is an important component of the recruitmemttcess was
demonstrated by Evert and colleagues, by coexmgssh

polyglutamine-containing green fluorescent proté®FP) with a

fragment of ataxin-3 containing an expanded poly€gruitment of
GFP into NIs was observed (Evert B. €.al, 2000), but it was also
demonstrated that expression of expanded poly-@tcbies alone
leads to aggregation and citotoxicity, althoughddaes not fully

reproduce pathologic manifestations.

Although NIs are a common feature of poly-Q neugmierative
disease, every pathology displays a unique pattdrmeuronal
degeneration, even though the protein involved Isquitously
expressed. This implies that the protein conteayplan important
role in establishing selective neurotoxicity. Thisa is supported by a
study on ataxin-3, conducted by Chai and colleagweso
demonstrated that the protein sequence surrounttieg poly-Q
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specifies the constituents of nuclear inclusionssNormed by the
disease protein (Chai ¢t al, 2001).

The fact that NlIs are present in vulnerable neusupports the notion
that their presence is relevant to pathogenesisieder, many studies
strongly suggest that aggregation is neither nacgssor sufficient
for neuronal dysfunction. It may be that expandeatgins are most
toxic when roaming freely, and that aggregatesesmt the cell's
effort to minimize the toxicity of the strands (4dm H. Y. et al,
2000). Moreover, the fact that NIs also containt@res normally
associated with protein folding, such as ubiquitparts of the
proteasome complex and many molecular chaperonggests that
the proteins involved are not completely folded #mat the formation
of fibrils overwhelms the defensive mechanismshef tell (Paulson
H. L., 1999).

Nowadays it is widely accepted that the formatidnlasge NIs is
driven by the formation of the so called “protoiigt or “nucleation
centres” which are mainly composed of fragmentthefpathological
protein containing an expanded poly-Q stretch. Hliswing starts
from these small aggregates, through the additibrthe whole
pathological protein and other proteins.

This mechanism supports both the loss of functiod the gain of
function hypothesis: the presence of an expanddg-@owould
confer the protein the ability to aggregate andmfaxlis, but the
pathology could also be caused by the loss of theeim function or
of peculiar proteins sequestered in the aggregates.

A cell cultured model of cells transiently trangtst with truncated
ataxin-3 constructs containing expanded repeateelaped with an
increased susceptibility to apoptotic cell deakeda H.et al, 1996).
Evidence has accumulated that specific caspasescinated and
recruited during poly-Q induced cell death. Sanched coworkers
(Sanchez l.et al, 1999) showed that transient expression of a
truncated ataxin-3 with 79 glutamine residues fuded green
fluorescent protein (GFP) in cultured striatal,edellar, and cortical
neurons resulted in apoptotic cell death charatdriby cell body
shrinkage and chromosomal DNA condensation.

A commonly held view is that caspase cleavage magergate
fragments of expanded proteins that might serveintbate the
formation of aggregates that could recruit othdlutaa proteins and
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1. Introduction

could be translocated into the nucleus. Moreoves, availability of
different caspases in different neurons may furgilay an important
role in the cell specificity of neuronal degeneayat(Evert B. Oet al,
2000).

1.5 ROLE OF PROTEOLYSIS

All the proteins involved in poly-Q diseases sharbiquitous
expression, although each one affects a peculiaronal population.
One hypothesis suggests that this characterisstrilwition of the
injury depends on different, newly gained or lostracellular
interactions. Another one states that the pathasieneeeds a
proteolytic event leading to the formation of a itoXragment
containing the poly-Q stretch, intending that thstribution of the
damage depends on the different proteases spéaifithe different
proteins. (Tarlac Vet al, 2003).

Proteolysis takes place in neurodegeneration feréifit ways: it can
be enhanced or reduced by the presence of the@diretch; the
protein containing the expansion can became mokessrsusceptible
to proteolytic cleavage. Evidence for proteolytieavagesn vivo and

in vitro have been found for HD, SBMA, DRPLA, SCA2, 3 andrv
particular, in DPRLA an N-terminal fragment coniag the poly-Q
stretch is translocated to the nucleus increasegaghdin cultured cells
(Nucifora F. C.,et al, 2003). In HD it has been seen that the
expansion of the poly-Q fragment seems to inhikibtgolysis
(Trottier Y. et al, 1995).
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Figure 1.1 Possible outcomes of proteolysis of expanded (Q)mogeins (Tarlac
V. et al., 2003) Whether proteolysis of expanded (Q)n proteinsunsffected,
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1. Introduction

enhanced, reduced, or the result of novel protenlyfsere are several possible toxic
outcomes for the cell. Proteolysis of the expand&jn protein resulting in
production of an expanded (Q)n toxic fragment meyse several deleterious effects
to the cell. First, the expanded (Q)n toxic fragimeray form cationic channels in
membranes (A). The expanded (Q)n fragment may ¢héenucleus where it can
form macroaggregates that can recruit other (Qatoing proteins such as TBP,
chaperones, and components of the proteasome (Bthér possibility is that the
initial expanded (Q)n cleavage fragment could tsistant to further proteolysis by
the proteasome (C). If the expanded (Q)n protenmessstant to proteolysis, toxicity
could be caused by disruption of the nuclear méyixhe full-length protein (D), or
by an alteration of normal protein partner inta@ac(E).

1.6 ROLE OF MITOCHONDRIA IN NEURODEGENERATIVE
DISEASES

Recently, mitochondrial dysfunction has emergediasncreasingly
convincing ‘lowest common denominator linking many
neurodegenerative disorders like Huntington’s disgaParkinson’s
disease, Alzheimer’s disease and Friedreich a{&iemng, J.Qet al,
2006).

Mitochondria are the driving force behind life, astochondrial
oxidative phosphorylation provides the main sowtenergy in the
cell. In addition to energy production, mitochordpilay a crucial role
in mediating amino acid biosynthesis, fatty aciddakon, steroid
metabolism, intermediate metabolic pathways, calchomeostasis,
and free radical scavenging. The mitochondriorspeeially complex
as it is the only cellular organelle under the demhtrol of both the
nuclear and its own (mitochondrial) genomes. Thejontg of
mitochondrial proteins are encoded for by the rarcl®©ONA,
synthesized in the cytosol, imported into the oedfanand targeted to
one of the four sub mitochondrial compartments: tbater
mitochondrial membrane, the intermembrane space, itmer
mitochondrial membrane and the matrix. The intertm@me space
sequesters many pro-apoptotic factors such as loyioe c,
Smac/DIABLO, and endonuclease G. A multiplicityratochondrial
insults can cause the release of cytochrome ctiacytosol, which
can then bind to Apafl and pro-caspase 9 to foeraffoptosome and
initiate a downstream caspase cascade, leadirgltdeath.
Because mitochondria are positioned at the gatewapoptosis and
combined with the fact that neurons are highly gypedependent,
mitochondrial dysfunction is a prime suspect fothbthe initiation
and the execution of neuronal death.
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Parkinson’s disease

Parkinson’s disease is a common neurodegeneratiggement
disorder clinically characterized by resting tremorigidity,
bradykinesia, and postural instability.

Mutations in a-synuclein have been found to be linked to an
autosomal dominant form of Parkinson’s diseagesynuclein is
localized at synaptic terminals and in the cytosdiere it may be
involved in modulating the release of dopamine fra@ynaptic
vesicles. Despite the lack of a direct connectmmitochondria, there
is evidence that mutanti-synuclein may cause mitochondrial
dysfunction, in fact it has been found that overegpion of mutant-
synuclein in cultured cells impairs mitochondrmahé€tion and leads to
oxidative damage.

Mutations in parkin have been found to cause amtasaoecessive
juvenile Parkinson’s disease. Parkin encodes forubiguitin E3
ligase, which is a component of the ubiquitin-pastame system
involved in cellular protein degradation. Parkirs H#een found to be
associated with the outer mitochondrial membranegrey it protects
against mitochondrial swelling and the release wfochrome c
induced by treatment with ceramide, suggesting thahight be
involved in degrading mitochondrial proteins. Isl@so recently been
found that parkin is localized within mitochondria proliferating
cells but exhibits cytosolic localization in diféattiated cells.
Furthermore, parkin interacts with the mitochondii@nscription
factor A and enhances mtDNA transcription and ogpibn. These
results suggest that parkin may directly modulatéochondrial
function by mechanisms independent of the ubicqotmteasome
pathway.

Friedreich ataxia

Friedreich ataxia, the most common form of inhéritgaxia, is an
autosomal recessive degenerative disorder chameder by
progressive gait and limb ataxia, axonal sensowyapathy, loss of
deep tendon reflexes, spasticity, and extensortglaesponses. The
genetic basis for Friedreich ataxia is an abnor@@ahA trinucleotide
repeat expansion in the first intron of the Frigchieataxia gene.

This trinucleotide repeat can adopt a triple hélgteucture to inhibit
Friedreich ataxia transcription, leading to a reliexpression of the
protein frataxin. Frataxin is a highly conservedtochondrial protein
involved in heme biosynthesis, the formation ofgolfur clusters,
and the detoxification of iron. Studies in yeast anice show that
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frataxin defects lead to accumulation of iron intaohondria and
decrease in iron-sulfur cluster-containing enzymsiesh as aconitase,
and complexes I-lll of the electron transport chaWhile the
mechanisms of Friedreich ataxia pathogenesis dteustlear, one
possibility is oxidative stress, in fact accumudatiof mitochondrial
iron may lead to oxidative damage through the pctdo of free
radicals. Studies have shown that loss of fratdedus to increased
sensitivity to oxidative stress.

Huntington'’s disease

Huntington’s disease is an autosomal dominant r®generative
disorder characterized by cognitive impairment, &onal
disturbances and choreoathetotic movements.

Mitochondrial dysfunction in the pathogenesis of nHogton's
disease has been demonstrated in patients, mutarrsgenic mice,
and cell culture models. Mitochondria from Huntimgs disease
brain or lymphoblasts exhibit a polyglutamine ldngiependent
decrease in mitochondrial membrane potential apadldeze at lower
calcium concentrations, indicating impaired calcihomeostasis. In
fact htt has also been shown to bind to neuronabanondrial
membranes as shown by electron microscopy, ands ifound
predominantly in the outer mitochondrial membrane cells
overexpressing the mutant protein. Furthermorejnbgracting with
mitochondria, mutant htt induces calcium dependemmbrane
permeability transition pore opening and reduces d¢hlcium load
needed to induce the opening.

These studies suggest an involvement of mitochahdeimage also in
other neurodegenerative disease, as spinocerebatlida type 3.

1.7 NITROSATIVE STRESS AND
NEURODEGENERATIVE DISEASES

Overproduction of reactive nitrogen species (RN8H aeactive
oxygen species (ROS), which lead to neuronal nglly and death, is
a potential mediator of neurodegenerative disorderduding:
Parkinson’s disease (PD), Alzheimer's disease (A&yyotrophic
lateral sclerosis (ALS) and polyglutamine (poly-@¥eases such as
Huntington’s disease (Nakamura T. and Lipton S28Q7).
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Accumulation of nitrosative stress due to excesgjeaeration of
nitric oxide (NO) appears to be a potential factontributing to
neuronal cell damage and death. A well-establismedel for NO
production entails a central role of the N-methyaépartate (NMDA)-
type glutamate receptors in nervous system. Excessstivation of
NMDA receptors drives Ga influx, which in turn activates neuronal
NO synthase (nNOS) as well as the generation of.R@fortantly,
normal mitochondrial respiration also generatese freadicals,
principally ROS, and one such molecule, superoxad@n (O2)
reacts rapidly with free radical N@o form the very toxic product
peroxynitrite (ONOO) (Nakamura T. and Lipton S.A., 2007).

An additional feature of most neurodegenerativeealss is
accumulation of misfolded and/or aggregated pret€eliese protein
aggregates can be cytosolic, nuclear, or extrdaellumportantly,
protein aggregation can result from either a motatn the disease-
related gene encoding the protein, or post-traosiak changes to the
protein engendered by nitrosative/oxidative sti@&skamura T. and
Lipton S.A., 2007).

Glutamate is the major excitatory neurotransmittethe brain and is
important for normal functioning of the nervous teys; however,
excessive activation of glutamate receptors is itapdd in neuronal
damage in many neurological disorders. This formtaficity is
mediated at least in part by excessive activatiborNMDA-type
receptors, resulting in excessive ?Canflux through a receptor’s
associated ion channel. Excessive’’daads to the production of
damaging free radicals (NO and ROS) and other eatsgmrocesses,
contributing to cell death. Intracellular €driggers the generation of
NO by activating nNOS in a EHcalmodulin (CaM)-dependent
manner. NO is a gaseous free radical (thus higiffiysible) and a key
molecule that plays a vital role in normal signansduction but in
excess can lead to neuronal cell damage and deatde subtypes of
NOS have been identified; two constitutive formsN®S — nNOS
and endothelial NOS (eNOS) — take their names fitmercell type in
which they were first found. The name of the tlsubtype — inducible
NOS (iNOS) — indicates that expression of the ereysninduced by
acute inflammatory stimuli. All three isoforms asgdely distributed
in the brain (Nakamura T. and Lipton S.A., 2007).

Recently, a novel cellular mechanism for’Gaependent release of
NO was discovered in dorsal root ganglion neurams$ ancreatic
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acinar cells. This G&dependent NO release occurs not as a result of
de novosynthesis by NO but instead via liberation of NOnf an S-
nitrosothiol (SNO) pool, whereby NO is reversiblgund to specific
cysteine residues (Nakamura T. and Lipton S.A.,7200

Recent studies further pointed out the potentiaineation between
ROS/RNS and mitochondrial dysfunction in neurodegative
diseases, especially in PD. Administration to ahimedels of
complex | inhibitors, which result in overproducti@f ROS/RNS,
reproduces many of the features of sporadic PDadaition, it has
recently been proposed that mitochondrial cytocleraoxidase can
produce NO in a nitrite (N©)- and pH-dependent but non{a
dependent manner (Nakamura T. and Lipton S.A., 007

In general, NO exerts physiological and some pdifeiplogical
effects via stimulation of guanylate cyclase tarfaryclic guanosine-
3’,5-monophosphate (cGMP) or through S-nitrosya of
regulatory protein thiol groups. S-nitrosylatiorthe covalent addition
of an NO group to a critical cysteine thiol/sulfmyld(RSH or, more
properly, thiolate anion, Rpto forman S-nitrosothiol derivative (R-
SNO). Such modification modulates the function ddfraad spectrum
of mammalian, plant, and microbial proteins. In @@h a consensus
motif of amino acids comprised of nucleophilic dess (generally an
acid and a base) surrounds a critical cysteinechwvimcreases the
cysteine sulfhydryl's susceptibility to S-nitrositan (Nakamura T.
and Lipton S.A., 2007).

NO is neuroprotective via S-nitrosylation of NMDAaeptors (as well
as other subsequently discovered targets, includasgases), and yet
can also be neurodestructive by formation of pendxte. Over the
past decade, accumulating evidence has suggeste8-titrosylation
can regulate the biological activity of a greatie®r of proteins, in
some ways akin to phosphorylation (Nakamura T. Aiptdon S.A.,
2007).

Analyses of mice deficient in either nNOS or INO&firmed that
NO is an important mediator of cell injury and deatfter excitotoxic
stimulation; NO generated from nNOS or INOS is metntal to
neuronal survival. In addition, inhibition of NOSteity ameliorates
the progression of disease pathology in animal riscafePD, AD, and
ALS, suggesting that excess generation of NO pdapsvotal role in
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the pathogenesis of several neurodegenerative séisedn fact S-
nitrosylation modulates the ubiquitin E3 ligasehatt of parkin, and
chaperone and isomerase activities of PDI, cortinguto protein
misfolding and neurotoxicity in models of neurodegmtive
disorders (Nakamura T. and Lipton S.A., 2007). Addally, Cohen
et al. (Cohen E.et al, 2006) recently demonstrated that
insulin/insulin-like growth factor-1 (IGFI) signalg, which influences
longevity and lifespan in many species in partdoavn-regulation of
ROS/RNS generation, can affect aggregation of tpxateins such as
AB.

Parkinson’s disease

Nitrosative and oxidative stress are potential abfastors for protein
accumulation in the much more common sporadic famPD.
Nitrosative/oxidative stress, commonly found duringrmal aging,
can mimic rare genetic causes of disorders, suétDady promoting
protein misfolding in the absence of a genetic tmta For example,
S-nitrosylation and further oxidation of parkin bich-L1 result in
dysfunction of these enzymes and thus of the UPEqyuin-
proteasome system). SNO-parkin initially stimulatgsiquitin E3
ligase activity, resulting in enhanced ubiquitinatias observed in
Lewy bodies, followed by a decrease in enzyme #gtiproducing a
futile cycle of dysfunctional UPS. Moreover, S-agylation appears
to compromise the neuroprotective effect of parkifihese
mechanisms involve S-nitrosylation of critical aise residues in the
first RING domain of parkin (Nakamura T. and LiptSrA., 2007).

(NO

¢ Dops e quinone
SNO-Parkin /
D

Figure 1.2 Possible mechanism of S-nitrosylated parkin (SNO-Pkin)
contributing to the accumulation of aberrant proteins and damage or death of
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dopaminergic neurons (Nakamura T. and Lipton S.A.2007). Nitrosative stress
leads to S-nitrosylation of parkin, and, initialtg, a dramatic increase followed by a
decrease in its E3 ubiquitin ligase activity. Théial increase in this E3 ubiquitin
ligase activity leads to enhanced ubiquitinatiopafkin substrates (e.g., synphilin-
1, Pael-R, and parkin itself). Increased parkin WE8quitin ligase activity may
contribute to Lewy body formation and impair parkimction, as also suggested by
Sriram et al. (Sriram S.Ret al, 2005). The subsequent decrease in parkin gctivit
may allow misfolded proteins to accumulate. Dowgdtation of parkin may also
result in decreased Akt neuroprotective activitawese of enhanced epidermal
growth factor receptor (EGFR) internalization. Dapae quinone can also modify
cysteine thiols of parkin and reduce its activity.

Alzheimer’s disease

Several mechanisms have been proposed to und@®lgathogenesis;
however, there is accumulating evidence that oxidagtress plays an
important role in this disease pathophysiologyhé&iitthe oxidants or
the products of oxidative stress could modify thet@ns or activate
other pathways that may lead to additional impairimef cellular
functions and neuronal loss (SultanaeRal, 2005).

Oxidative stress could stimulate the additional dgen via the
overexpression of inducible and neuronal specifitricn oxide
synthase (NOS: INOS and nNOS, respectively). Pusvistudies
suggested that an increase production of peroxynita product of
reaction of nitric oxide (NO) with superoxide, cdwause nitration of
proteins that may lead to irreversible damage egotioteins.

Recently, several studies suggested that protéiation could be a
cellular signaling mechanism, as is often a rebdsand selective
process, similar to protein phosphorylation. Iniadd, proteins that
are nitrated are more prone to proteosomal dedoedahan their
counterparts. Ubiquitin carboxyl-terminal hydroldsd (UCH L-1),
one of the components of the proteosomal pathwayg, fwund to be
oxidized in the IPL and hippocampus of AD, a firglithat could be
one of the reasons for the observed increaserateidt proteins in this
disorder (Sultana Ret al, 2005).

1.8 SPINOCEREBELLAR ATAXIA TYPE 3

Spinocerebellar ataxia type 3 (SCA3) or Machad@edbdisease is

the most common dominantly inherited ataxia. Thetgan involved,

called ataxin-3 (AT-3), is coded by the MJD1 gerf@ich presents a

CAG repetition next to its 3' which is highly polynmphic. This

repetition becomes pathologic when it exceeds 58arutive triplets.

The neurological phenotype includes cerebellar iatagpasticity,
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ophthalmoplegia and dysarthria. Pathologically, SCAis
characterized by selective neuronal degeneratiathirwithe basal
ganglia, brainstem, cerebellum and spinal cord Baka Y. et al,
1994).

The gene coding for SCA3 is located on the long afithromosome
14 (14932.1) and encodes for a cDNA of about 18@6epairs
(Kawaguchi Y. et al., 1994). AT-3, whose aminoacidequence is
reported in figure 1.3, is a protein with a preéitimolecular weight
of 42 kDa in its unexpanded form. It has been fothat it presents
many homologous in many different organisms. Theegencoding
murine AT-3 shows about 88% sequence identity tiiéhhuman one,
the main differences being found in the C-termirdgynstream from
the poly-Q; another difference concerns the polgt€etch, which
consists of only 6 consecutive glutamines in theineuform (Schmitt
l. et al, 1997).

Ataxin-3 is a cytoplasmic protein ubiquitously espsed throughout
the body. In affected individuals expanded ataxiis-Bredominantly
found in NIs in neurons of the ventral pons, whergas normally

cytoplasmic (Paulson H. let al, 1997a; Paulson H. let al, 1997b;

Trottier Y. et al, 1998; Schmidt Tet al, 1998).

MES|I FHEKQEGSL CAQHCLNNL LQGEYFSPVEL SSI AHQLDEEERMR
MAEGGVTSEDYRTFLQQPSGNVDDSGFFSI QvI SNALKVWGELELI LF
NSPEYQRLRI DPI NERSFI CNYKEHWFTVRKL GKQAFNLNSLL TGPE
LI SDTYLALFLAQLQQREGYSI FVWKGDL PDCEADQLLQM RVQQVHR
PKLI GEEL AQLKEQRVHKTDLERVLEANDGSGVL DEDEEDL QRAL AL
SRQEI DVEDEEADL RRAI QL SMQGSSRNI SQDMTQTSGTNLTSEELR
KRREAY FEKQQQKQQR000000000000000NONQNORDL SGOSS

CX X X X X X X XX XX XX XXX XXX XXX XXX

HPCERPATSSGALGSDLGKACSPFI MFATFTLYLT

Figure 1.3 Aminoacidic sequence of human ataxin-3.

It has been demonstrated that the pathological faimAT-3
aggregates in physiological conditions while thenmal one remains
soluble (Bevivino A. Eet al, 2001). The length of the poly-Q also
affects secondary structure thermostability: a matgdy expanded
variant containing 36 consecutive GIn undergoes ftrenation of
insoluble amyloid aggregates at 85°C, while human3Awith 26 GIn
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and the murine form with 6 GIn remain soluble ean higher
temperature (Shehi €t al, 2003). Similarly a non pathological form
containing 28 consecutive glutamines undergoes @dgggregation
in chemical denaturing conditions (Chow M. &. al, 2004). These
and other experiments suggest that the expansithegdoly-Q stretch
leads to the instability of the structure of theotpm with the
formation of an instable intermediate prone to aggtion.

Analysis of the aminoacidic sequence of the prot&nowed the
presence of different domains and functional mofilse N-terminus
domain of the protein, (stretching from aminoacidol 180) is a
globular domain known as Josephin domain, whileGrerminus is
mainly unstructured and contains the poly-Q stretmtether with two
or three ubiquitin interacting motives (UIMs), dedeng on the
splicing. UIMs are peculiar sequences that cangeize and interact
with ubiquitin; they are found in proteins involveéad ubiquitination
and successive degradation of misfolded proteinsnarlved in the
metabolism of ubiquitin.

1 18C 223 24%- 277-  282-  292-

Josephin Domain UIM1l UIM2 CK2 NLS Polv-Q
Figure 1.4The domains of ataxin-3.

Recently the structure of the Josephin domain le&s vesolved by
NMR (Nicastro G.et al, 2005). Results show that it consists of a
globular domain divided in two subdomains, one rich-helices, the
other rich inB-strand forming an antiparallptsheet (Fig. 1.5). The C-
terminal domain seems to be less structured wiehgbly-Q tract
exposed to the solvent (Masinodt.al, 2003).
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Figure 1.5 Josephin domain tridimensional structure. Representation of the
Josephin domain (PDB ID code: 1yzb) with the sofewv@yMOL. Loops are
evidenced in greeffi-sheets in yellow and-helices in red.

1.9 ATAXIN-3 INTRACELLULAR LOCALIZATION

It is now known that ataxin-3 has a heterogeneastsitalition both in
the whole organism and in the cellular environménttransfected
HelLa cells, for example, Trottier and colleaguesvgd that the
protein is mainly cytosolic, but is found also imetnucleus and in
mitochondria (Trottier Yet al, 1998).

The pathological form of AT-3 was found to be lozadl mainly in
the nucleus of different neuronal cell types; meszoit was found
that these cells present ubiquitinilated nucleafusions (Paulson H.
L. et al, 1997a). These inclusions, called Marinesco mdaso
contains AT-3 in its normal form indicating thateevin the absence
of a poly-Q stretch the protein is able to enter tlucleus and form
aggregates (Fujigasaki ldt al, 2001). These inclusions, that contain
ubiquitin, can represent the cellular responsedtyess condition or to
protein misfolding, aberrant aggregation or degtiada It is
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interesting that AT-3 is the only protein causingearopathology that
is recruited in Marinesco Bodies.

Nuclear localization seems to be crucial for padmagis. This has
been clearly demonstrated on a mouse model ofrafaxi which the
pathological protein was modified so that it couldt enter the
nucleus: these mice did not develop the patholéggxin-3 has been
demonstrated to be constitutively translocatecheorucleus and the
normal form was shown to interact with the nuclestrix (Tait D.et
al.,, 1998) and become reactive to antibody 1C2 thaiallys
recognizes expanded poly-Q stretches; this suggestsiformational
change of the protein (Perez M. Kt al, 1999). PSORT database
searches found a putative NLS and two phosphooylasites for
Caseine Kinase 2 (CK2) just upstream of the polgi@tch. A
hypothesis suggests that NLS facilitates nucleamsipbcation of the
protein, while the two phosphorylation sites wouttbdulate the
transport rate. Although it can be considered admmental step in the
pathogenesis, since inclusions are found only énrticleus, nuclear
localization of AT-3 has still not been demonstdatie require NLS. It
has been demonstrated that the concentration ofp#tkological
protein or of its toxic fragment is important fdret formation of the
aggregates involved in cytotoxicity; in this wayctear localization
can be important because of the compartmentalizatiche protein,
which can favour aberrant interactions with othest@ins found in
aggregates (Cemal C. Kt al, 2002).

Pozzi and coworkers investigated subcellular laesibn and
proteolytic cleavage of different forms of ataxint8T-3). Normal
(AT-3Q6 and AT-3Q26) and pathological (AT-3Q72) xats-3, as
well as two truncated forms lacking poly-Q, weredstd. Full-length
proteins were also expressed as C14A mutants, derdo assess
whether AT-3 autoproteolytic activity was involvedn its
fragmentation. Both normal and pathological prateivere found to
localize in the cytoplasm and in the nucleus, ggeeted, but also in
the mitochondria. Microsequencing showed that alaxias-3
underwent the same proteolytic cleavage, removimg first 27
aminoacids. Interestingly, while normal ataxins evéurther cleaved
at a number of caspase sites, pathological AT-3prakeolyzed to a
much lesser extent. This may play a role in thehgge¢nesis,
hampering degradation of aggregation-prone expandée3. In
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addition, autolytic cleavage was apparently notolmed in AT-3
proteolysis (Pozzi Cet al, 2008).

Heat shock, a general proteotoxic stress, alsoceslwild-type and
pathogenic AT-3 to accumulate in the nucleus wh&Te3 has a
protective function in the cellular response totlseck, in particular
serine-111 of AT-3 is required for nuclear locail@a in these
conditions. Reina and colleagues found that oxdastress also
induced nuclear localization of AT-3 (Reina CelPal, 2010). In fact
Macedo-Ribeiro and coworkers demonstrated that A$-actively
imported to and exported from the cell nucleus, #rat its nuclear
export activity is dependent on a motif locatedsaiN-terminal region
(Macedo-Ribeiro Set al, 2009).

1.10 ATAXIN-3 FUNCTIONS

A bioinformatic analysis (Scheel dt al, 2003) revealed that ataxin-
3 possess the typical catalytic triad of cysteiot@ases, identified in
aminoacids Cys 14 (which is supposed to be theckeglytic residue),
His 119 and Asn 134. Moreover it has been shownttiefolding of
both the Josephin domain and the catalytic sitesandar to that of
different cystein proteases (Nicastro &. al, 2005) even though,
unlike all other cystein protease families, theepdén domain is
always in its active form with the catalytic sitepesed. In particular
the Josephin domain structure is highly similath@at ofubiquitin C-
terminal hydrolase(Mao Y. et al, 2005), supporting the accepted
hypothesis that AT-3 is a deubiquitylating enzympessibly involved
in the proteasome pathwan vitro analysis confirmed that AT-3 can
cut polyubiquitin chains (Burnett Bet al, 2003); moreover, in
cultured cells the expression of a C14A mutatedhforf the protein
with the catalytic cysteine substituted with annaie, leads to the
accumulation of polyubiquitylated proteins; the samesult is
obtained through pharmacological inhibition of greteasome (Berke
S. J.et al, 2005).

AT-3 can bind ubiquitylated substrates thanks ®two or three
ubiquitin interacting motives (UIMs), depending &me splicing to
which the mRNA has been subjected. Expanded AT43 load
ubiquitylated proteins (Berke S. &t al.,, 2005), although it is
supposed to assume an altered conformation (Albri&thet al,
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2003); however, the authors do not rule out thesipdsy that the two
forms can bind different proteins.

All these studies suggest that AT-3 is a deubidatityg enzyme that
binds polyubiquitylated proteins through its UIMsdadeubiquitylates
the substrates through its N-terminal active domain

A very recent study reports that AT-3 binds VCP/pQ@key protein
essential for the extraction of substrates from #moplasmic
reticulum (ER) to the cytosol in ER-associated ddgtion (ERAD), a
quality control system in the secretory pathwaypoesible for
degrading misfolded proteins (Zhong et.al., 2006). Recent studies
revealed that VCP may be involved in the pathogsnef protein
misfolding diseases (Boeddrich A&t al, 2006). It colocalizes with
abnormal inclusion bodies containing insoluble erotaggregates,
which are characteristic features of many neurodlegeive diseases,
including Alzheimer’s, Parkinson’s, and Huntingtewlisease.

Zhong and coworkers describe the interaction betwele 3 and VCP
which seems to decrease binding of the latter wstmormal partner
Ufdl and with polyubiquitin chains resulting in aealeased
degradation of ERAD substrates. The authors sugtesdt AT-3
would regulate flow through the ERAD pathway byustling the rate
of extraction of ERAD substrates and that this t&gon is dependent
on the poly-Q tract, so that a pathologic AT-3 wbwaberrantly
interact with VCP leading to a deregulation of ERAZhong X. et
al., 2006).

@ Substrate

Distal Proximal
Ubiquitin ubiquitin

VCP/p97

Josephin
Ubiquitin Catalytic 0/47
Binding site site ’

Figure 1.6 Putative model of ataxin-3 function (Mao Y.et al., 2005) Several

functional groups are arranged in a linear faslmagtaxin-3. The Ub-binding site in

the JD is followed in order by the catalytic sithe tandem UIMs, the poly-Q

stretch, and the variable C terminus that may @gorggoutative UIM. The tandem

UIMs may recruit a polyubiquitinated substrate gmdsent it to the JD. The JD
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holds a distal Ub in a tetrahedral intermediateedtefore releasing it after catalytic
cleavage. The model implies that optimal substratestaxin-3 should have a
minimum polyubiquitin chain length to allow engagamof both the second UIMs
and the JD in Ub binding.

VCP/p97 is characterized by an N-terminal domailoyeed by two
highly conserved AAA domains (D1 and D2) that argartant for
ATP binding and hydrolysis. The N-terminal domaaa (1-199) is
essential for the interaction with ataxin-3 (Wang & al, 2003).
Ataxin-3 interacts with VCP/p97 in a region (aa 2Z%/) localized
between the second ubiquitin interacting m@tifM) and the poly-Q.
VCP/p97 does not bind the poly-Q of proteins buancarginin/lysine
rich motif ?**RKRR) called VBM (VPC binding motif), in the ataxin
3 aminoacid sequence this motif overlaps the nucleealization
sequence (Boeddrich At al,2006).

Previous studies have demonstrated that VCP hesadmase different
conformations in the ATP-free and ATP-bound stéis aBarre and
Brunger, 2005). Full-length ataxin-3 interacts wilMCP in the
absence as well as in the presence of ATP or itdydrolyzable
analog, ATPyS. In striking contrast, no interaction was detedte
the presence of ADP, suggesting that VCP might adomlternative
conformation that is unable to bind ataxin-3. lagtingly, the
inhibitory effect of ADP was lost when N-terminatiyuncated ataxin-
3 fragments lacking the conserved Josephine domane used for
binding experiments. As ataxin-3 is composed obldefd N-domain
and most likely has an unstructured poly-Q tail ¢Ma et al, 2003),
probably the N-terminally truncated ataxin-3 fragmse are more
flexible than the full-length protein and are tHere able to associate
with the VCP-binding site in the ADP state. Howewuervivo full-
length ataxin-3 binds to VCP in the ATP state, ahdeleased after
ATP hydrolysis in the ADP state. N-terminally trawed ataxin-3
fragments with expanded poly-Q sequences, which gameerated
under disease conditions (Goti et al, 2004), migke their ability to
dissociate from VCP in the ADP state. Thus, alteb&uding of
truncated ataxin-3 proteins to VCP in neurons coodhtribute
critically to neuronal dysfunction in SCA3 (BoedtriA. et al, 2006).
VCP modulates ataxin-3 aggregation in a concentradependent
manner. Low or intermediate concentrations of VGgnificantly
stimulated ataxin-3 aggregation, while a fourfoldlan excess of the
chaperone completely prevented fibrillogenesis. réhity, the
molecular mechanism of this effect is unclear. Bl at low or
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equimolar VCP concentrations the hexamers provideoptimal
catalytic surface for the efficient conversion obubd ataxin-3
molecules into fibrillar structures. At higher V@Bncentrations (four
hexamers with one ataxin-3 molecule), however, dbeess to the
aggregation-prone ataxin-3 molecules exposed byé¢kamers might
be masked, because the chaperone molecules thesstdvt to form
oligomeric structures (Boeddrich At al,2006).

Studies suggest that increasing the levels of ICBCA3 patients
might have beneficial effects on disease pathogenés fact VCP
overexpression, similar to Hsp40/70, can protectrowes because it
may reduce the amount of toxic protein aggregatass{ likely
oligomers or protofibrils) or mask the surface @fit soluble ataxin-3
molecules. Howevein vivo, higher concentrations of VCP might also
stimulate the selective degradation of misfoldexiat3 molecules by
the ubiquitin—proteasome system (Boeddriclettal, 2006).

AT-3 UIMs mediate binding of the protein to ubigdétted substrates,
but also AT-3 self-ubiquitylation. In particular geems that AT-3
would undergo polyubiquitylation and can becomargst of its own
deubiquitylation activity (Berke S. 8t al, 2005). The authors suggest
that this control of the trans ubiquitynilation dduegulate AT-3
intracellular localization and its activity as ubitylation can be a
regulatory modification.

Different data suggest that AT-3 can also reguthie activity of
different transcriptional factors, through the aohtof their oligo-
ubiquitylation; transcriptional deregulation is or&f the most
plausible pathological mechanisms of poly-Q dissaski and
colleagues showed that AT-3 interacts with two dmst acetyl
transferase: the cAMP response element bindingepr¢CBP) and
p300, and with other factors associated to thesepmoteins (Li Fet
al., 2002). Cultured cells analysis showed that tdseghin domain is
able to bind chromatine and can inhibit histoneydaBon; moreover
both normal and pathological AT-3 can repress tmapson mediated
by CBP and p300 when overexpressed.

Chou and colleagues demonstrated that polyglutasvexpanded
ataxin-3-Q79 causes cerebellar transcriptional deguiation of
SCAS transgenic mice by inducing histone hypoaeéityh and that
HDAC inhibitor sodium butyrate alleviates cerebel@alfunction and
ataxic symptoms (Chou A. Kt al, 2010)

Through a yeast two hybrid system study Wang anlicagues
demonstrated that both normal and mutant form of3Aifteract with
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RAD23, a yeast ortholog of the human proteins HHR28nd
HHR23A, which are involved in DNA reparation (Wa® et al,
2000). The elucidation of the structure of the pbs®e domain
allowed demonstrating the binding between the Meal domain of
AT-3 and the ubiquitin-like (Ubl) domain of HHR23B.

Mazzucchelli and coworkers found that differentxate8 constructs
bind alpha- and beta-tubulin from soluble rat braixtracts; this
suggests an involvement of ataxin-3 in directingragated protein to
aggresomes, and shed light on the mode of interac@mong the
different molecular partners participating in thhegess (Mazzucchelli
S. et al, 2009). In addition, siAT-3-silenced cells exhilmnarked

morphological changes such as rounder shape asdolbadhesion
protrusions. At a structural level, the microtubuigcrofilament and
intermediate filament networks are severely compsedh and

disorganized. This cytoskeletal phenotype is rebkrand dependent
on AT-3 levels (Rodrigues A. 8t al, 2010)

1.11 SCA3 PATHOGENIC MECHANISMS

It is known that the formation of nuclear inclussofiNI) is a common
feature of all poly-Q pathologies; NI seem to bepamant in the
pathogenesis even though their effective role ii6 dtébated: they
could represent the core cause for the genesieeopathology or a
defensive cellular mechanism against the patholpgatein. NI in
SCA3 are mainly constituted of the expanded andnabforms of
AT-3, AT-3 C-terminal fragments and others compdsesuch as
ubiquitin, molecular chaperons and proteasome coems.

Many works suggest the involvement of a 28kDa @ateal fragment
in SCA3 pathogenesis. This hypothesis is suppdrtethe presence
of nine caspases cleavage sites on AT-3 sequencbyatine fact that
AT-3 undergoes proteolysis during apoptotic prog&erke S. Jet
al.,, 2004). Moreover Paulson and colleagues suggesida C-
terminal fragment of the protein containing the ypQl stretch
promotes intracellular and perinuclear aggregatemnuiting the full-
length protein (Paulson H. let al, 1997b). In cultured neuroblastoid
cells it has been seen that a construct codingh®C-terminus of the
protein containing an expanded poly-Q tract leadghé formation of
aggregates and to cells death (YoshizawatTal, 2000). Transgenic
mice expressing pathologic AT-3 in the brain andtle spinal
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marrow develop symptoms similar to SCA3 patientsl qoly-Q
containing fragments are found in crude brain extréGoti D.et al,
2004).

On the other hand, Chai Y. et colleagues (Chaietr.al, 2001)
discovered that many proteins found in nuclear eggges had been
recruited thanks to protein-protein interactiomsjst implying that the
whole protein and not only a fragment, is requifed aggregation.
This hypothesis was confirmed by the lack of ATr&gments in cell
lines transiently transfected with the full-lengifthologic protein that
led to cytotoxicity and aggregates formations (Ypawa T.et al,
2001). The same result was obtained in transgerde mhere AT-3
was expressed under control of its own regulatdeynents: mice
developed SCA3-like symptoms with the formationimtfanuclear
aggregates in cerebellum cells but without the &rom of any
proteolytic fragment (Cemal C. ket al, 2002). Moreover a clear
difference has been demonstrated in the compogitidsi caused by
the full-length pathological protein and that depd of the N-
terminal domain (Chai Yet al, 2001).

Another debated topic is the apoptotic or non-apipnature of cell
death after the onset of the disease. Wullner.gMallliner U. et al,
1999) observed a necrotic death following the fdroma of
intranuclear inclusions in stable transfected ceNbereas another
study found a big misregulation in the expressiérp and anti-
apoptotic proteins after overexpression of a paiflioal variant of
AT-3 (Tsai H. F.et al, 2004). Tsai and colleagues found that full-
length expanded ataxin-3 significantly impaired ¢ixpression of Bcl-
2 protein. This may be responsible for the wealertoice to
polyglutamine toxicity at an early stage of diseasw ultimately
resulted in an increase of stress-induced cellhde@abn apoptotic
stress, apoptosis being considered the main causeuwonal cell
death in SCA3 patients.

Furthermore the proteasome can participate in tl¢hoogic
mechanism as it recognizes and proteolyses misfopaeteins and
since it has been seen that its inhibition incresggregate formation

in cultured cells transfected with mutated AT-3 &CH. et al, 2004).
Actually aggregation seems to be depended on proteicentration
(Scherzinger Eet al, 1997) and it may be supposed that an expanded
poly-Q tract can assumefastrand stable conformation (Perutz M. F.
et al, 2002) which can interfere with proteasome mediate
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degradation (Chai Yet al, 1999), thus leading to an increase in the
aberrant protein concentration.

Other data show that AT-3 associate with the nucteatrix after
nuclear translocation (Tait D.et al, 1998) undergoing a
conformational change that cause the poly-Q tabtietexposed, even
when not expanded (Perez M. &t al, 1999), a modification that
could lead to aberrant new interactions both wité tuclear matrix
and with other nuclear proteins in the case ofb@arded poly-Q.

Moreover it was shown that a cycle arrest in GO&xhances the
C-terminal fragment toxicity (Yoshizawa &t al, 2001).

Several lines of evidence demonstrate that polysQ accumulates in
mitochondria and causes mitochondrial dysfuncti®ugiura and
coworkers demonstrated that MITOL, a novel mitoah@ ubiquitin
ligase localized in the mitochondrial outer memietgoromoted AT-
3Q71 degradation via the ubiquitin-proteasome pathwand
attenuated mitochondrial accumulation of AT-3Q7hug, MITOL
plays a protective role against poly-Q toxicitydamay thereby be a
potential target for therapy in poly-Q diseasesgi®a A. et al,
2010).

Chou and coworkers demonstrated that polyglutamkpanded

ataxin-3-Q79 activates mitochondrial apoptotic paty and induces
neuronal death by upregulating Bax expression anindegulating

Bcl-xL expression (Chou A. Het al, 2006). In a recent work Chou
and colleagues also demonstrated that mutant poéygine ataxin-3

upregulates Bax expression of cerebellar and pentirclei neurons
by increasing transcriptional activity of p53, iact it increased the
protein level of active phospho-p%3° without affecting mRNA or

protein level of p53 (Chou A. Ht al, 2010)

Yu and coworkers demonstrated a significant redaamn the ratio of
GSH/GSSG and total glutathione content (GSH + 2XSG§EH in
mutant MJD cells compared with the wild-type celfsgler normal or
stressful conditions. They also showed that botiN&-MJD78 and
COS7-MJID78-GFP cell lines have lower activities cdtalase,
glutathione reductase, and superoxide dismutasepa@u with the
wild-type cell lines. In addition, it is known thathen cells are under
oxidative stress, the mitochondrial DNA is proned@mage. Their
results demonstrated that mitochondrial DNA copymbars are
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decreased in mutant cells and SCA3 patients’ sasrquenpared with
the normal controls. Furthermore, the amount of mom
mitochondrial DNA 4,977-bp deletion is higher in AF patients
compared with that in normal individuals. Overafiutant ataxin-3
may influence the activity of enzymatic componetdsremove @
and HO, efficiently and promote mitochondrial DNA damage o
depletion, which leads to dysfunction of mitochaadmherefore, they
suggest that the cell damage caused by greateatsadstress in
SCA3 mutant cells plays an important role, at laaspart, in the
disease progression (Yu Y. €.al, 2009)

Chou and colleagues also tested the involvemerttamiscriptional
deregulation in ataxin-3-Q79-induced cerebellarfumadtion and they
demonstrated that ataxin-3-Q79 mice exhibited degulated mRNA
expression of proteins involved in glutamatergicinoéransmission,
intracellular calcium signaling/mobilization or MAEnase pathways,
GABA(A/B) receptor subunits, heat shock proteinsgl &aranscription
factor regulating neuronal survival and differetitia (Chou A. H.et
al., 2008).

1.12 CASEIN KINASE 2 (CK2)

The reversible phosphorylation of proteins is aanapechanism for
the regulation of a broad spectrum of fundamergfillar processes.
Given the importance of this covalent modificationmay not be
surprising that the human genome encodes severarda distinct
protein kinases, that a third of all cellular pinse appear to be
phosphorylated, and that many proteins are phogfated at several
distinct sites (Litchfield D. W., 2003).

Protein kinase CK2 is distributed ubiquitously irukaryotic
organisms, where it most often appears to existtatrameric
complexes consisting of two catalytic subunits awd regulatory
subunits. In many organisms, distinct isoenzymicm® of the
catalytic subunit of CK2 have been identified. Fexample, in
humans, two catalytic isoforms, designated €kihd CK2/', have
been well characterized, while a third isoform,iglested CK2.”, has
been identified recently. In humans, only a singlgulatory subunit,
designated CK2 has been identified (Litchfield D. W., 2003).
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At a very early stage after its discovery, CK2 eitngr with a distinct
casein kinase designated CK1, was distinguished ngmamown
protein kinases for its ability to phosphorylateirse or threonine
residues that are proximal to acidic amino acidste&natic studies,
particularly those performed by Pinna and colleagseibsequently
led to the definition of a minimal consensus segaerfor
phosphorylation by CK2 (Ser-Xaa-Xaa-Acidic, wheree tacidic
residue may be Glu, Asp, pSer or pTyr) that remdissnct from the
minimal consensus sequence for any other protesski that has been
characterized to date. While delineation of thisnimal consensus
sequence has greatly facilitated the identificatioh many new
potential CK2 targets, there are limitations to tiee of such a
consensus sequence for the identification of saiets. For example,
there are sites, such as Ser392 in the p53 tumpprassor, that are
efficiently phosphorylated by CK2 despite the fdwat they do not
conform to this consensus sequence (Litchfield D.2003).

It is both exciting and confounding that CK2 appetr reside in a
variety of cellular compartments and to participate the

phosphorylation and regulation of a broad arrageadlular targets. In
fact, CK2 has been detected within the nucleusagtaplasm, and is
also associated with specific structures or ordeselincluding the
plasma membrane, Golgi, endoplasmic reticulum #@msomes, and
has even been detected as an ectoprotein kinaséyash the outer
surface of the plasma membrane. Therefore it maybacsurprising
that CK2 has been implicated in such a broad aohyellular

functions. Based on evidence from genetically #ialet organisms
such as yeast and slime mould, it has been dematedtthat CK2 is
essential for viability. Furthermore, there is mbog evidence
indicating that CK2 is a component of regulatoryptpn kinase
networks that are involved in various aspects afgformation and
cancer. In this respect, abnormally high levelsC#2 have been
observed in a number of cancers, including thos¢hefmammary
gland, prostate, lung, head and neck and kidney. &l8o participates
in the regulation of various stages of the cell leygresumably
through the phosphorylation and regulation of prstethat have
important functions associated with cell cycle pesgion (Litchfield

D. W., 2003).

A role has been proposed for CK2 in apoptosis. ds Ibeen
demonstrated that for at least five proteins, phosgation by CK2
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can inhibit caspase cleavage suggesting a posailieapoptotic
function. A complementary mechanism for the regofabf caspases
by CK2 has recently emerged with the demonstratibat

phosphorylation by CK2 is required for the apoptqirotein ARC

(apoptosis repressor with caspase recruitment agmai exert its
inhibitory activity towards caspase 8. Togethehwite ability of CK2

to protect individual proteins from caspase-mediatéeavage, this
latter observation suggests that CK2 may have géaeti-apoptotic
functions (Litchfield D. W., 2003).

P Bia s :
/ Caspase Bid g
P Bid S
. ] Bid
Caspase ARC P Cxipn by
P Bid Caspase
Mitochondria Mitochondria
Cyt. ¢
Cyt.c .-’/ \
Cyt. e Cyt.c
A. B.

Figure 1.7 Dual role of CK2 in the regulation of apoptosis.(A) Under survival
conditions, CK2 phosphorylates proteins such as AR@d Bid. When
phosphorylated by CK2, ARC is targeted to mitochi@dvhere it inhibits caspase
8. Bid is resistant to cleavage by caspase 8 whianphosphorylated by CK2B)
Under apoptotic conditions and/or when CK2 is casnused, CK2 phosphorylation
sites on proteins such as Bid and ARC are not ptogfated. Under these
conditions, ARC is not targeted to mitochondria aogs not inhibit caspase 8. In
the absence of phosphorylation, Bid is susceptibleleavage by caspase 8. The
subsequent translocation of Bid to the mitochondsiafollowed by release of
cytochromec (Cyt. ¢) that results in the amplification of caspactivation.

CK2 is much more abundant in the brain than in ather tissue.
Zetina (Zetina C. R., 2001) observed that CK2 cnsgs sequences
show a high similarity with those found in helixfatlding motifs in
naturally unfolded proteins. This suggests that QiK®sphorylation
could modulate the folding to unfolding check pdinat leads to the
final formation of toxic aggregates; this hypotlsesisupported by the
fact that CK2 can phosphorylate other proteins Ived in
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neuropathies, such assynuclein,f-amyloid precursor and the prion
protein (Meggio Fet al, 2003).

Tait and colleagues (Tait [t al, 1998) have shown the presence, in
AT-3 primary structure, of two putative casein ldgaa (CK2)
phosphorylation sites. In fact Tao and coworkemhalastrated that
ataxin-3 is CK2 substrate wiih vitro experiments (Tao R.&t al,
2008).

Mueller and coworkers (Mueller et al, 2009) demonstrated that
CK2-dependent phosphorylation controls the nucleaalization,
aggregation, and stability of ataxin-3. Serine 2@ 352 within the
third ubiquitin-interacting motif of AT-3 were patlarly important
for nuclear localization of normal and expanded 2\&nd mutation of
these sites robustly reduced the formation of rauclaclusions; a
putative nuclear leader sequence was not requik&e3 associated
with CK2a and pharmacological inhibition of CK2 decreased|ear
AT-3 levels and the formation of nuclear inclusioMoreover, they
found that AT-3 shifted to the nucleus upon therstedss in a CK2-
dependent manner, indicating a key role of CK2-aledi
phosphorylation of AT-3 in SCA3 pathophysiology (dler t.et al,
2009).

1.13 GLYCOGEN SYNTHASE KINASE 3 (GSK3)

Glycogen synthase kinase 3 (GSK3) is a serine/tlimeo kinase
whose function was confined to glycogen metabolidmt in the
recent years, GSK3 has turned out to have a keyimahe regulation
of many cell functions, including signalling by uis, growth factors
and nutrients, and the specification of cell fatesing embryonic
development. It is also implicated in the contrdl aell division,
apoptosis and microtubule function (Coherefal.,2001).

GSK3 was identified as one of several protein lasathat could
phosphorylate glycogen synthase, the enzyme thatysas the last
step in glycogen synthesis. In contrast to mangokinases, which
induce the activation of a substrate, the actionG&K3 inhibits
glycogen synthase. This kinase also inhibits syshef proteins
phosphoryling elF2B factor that in this way is itreated.
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Figure 1.8 The signalling pathway by which insulin inhibits GS3 and
contributes to the stimulation of glycogen and pratin synthesis.

The specificity of GSK3 is unique among proteindsas, requiring
that many of its substrates are first phosphorgllde another protein
kinase at a serine or threonine residue (termed ‘gueming
phosphate’) located four residues carboxy-termitwalthe site of
GSKS3 phosphorylation (Fiol C. Jt al., 1987).

a b

/,.—GSKG Ch2 GSK3 DYRK
Glycogen Ser X X X Sar X X X Ser X X X Ser X X X Ser X X X ... elFZ2B Ser X X X Ser ......
gynlhase &5 4 3 2 1 2 1

Nature Reviews | Molecular Cell Biology

Figure 1.9 The unique substrate specificity of GSK3Most substrates of GSK3
must first be phosphorylated by another proteinagé at a serine or threonine
residue located four residues carboxyterminal écsite of GSK3 phosphorylatioa.

| In the case of glycogen synthase, phosphorylaifoa serine residue by casein
kinase 2 (CK2; site 1) allows GSK3 to phosphorykite 2. Phosphorylation of site
2 in turn allows the phosphorylation of site 3 awdon, until five serine residues
have become phosphorylatdd| Similarly, phosphorylation of elF2B at site 1 &y
protein kinase that might be DYRKlual-specificity tyrosine-phosphorylated and
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regulated kinase) 54 allows GSK3 to phosphorylage2sand inhibit elF2B. (elF2B,
eukaryotic initiation factor 2; Ser, serine.)

The binding site for the priming phosphate on G383 only recently
been identified, and was found to contain threeiatbasic residues:
arginine 96 (Arg96), Arg180 and lysine 205 (Lys20Bjame Set al.,
2001). Interestingly, the three-dimensional streetof GSK3 most
closely resembles that of mitogen-activated protemase (MAPK)
family members, the activation of which requires gfhosphorylation
of a threonine and a tyrosine residue that lie i@ consensus
sequence (T, threonine; X, any amino-acid residvg;tyrosine).
Intriguingly, the phosphothreonine residue in MAPiK&eracts with
the same three basic residues that bind the primimgsphate in
substrates of GSK3. Moreover, GSK3 is itself phosplated
constitutively in mammalian cells at a tyrosineidas that is located
in a position equivalent to the phosphotyrosinédresin MAPKSs. So,
the activation of GSK3 seems to be analogous to dhaVIAPKs,
except that the active conformation is induced wiie& priming
phosphate of the substrate binds to GSK3 (Hughestlél.,1993).

So, when the serine residue near the amino termofu&SK3
becomes phosphorylated, it can interact with theesaesidues that
are involved in binding the priming phosphate. Rimosylation,
therefore, suppresses activity by turning the anamminus of GSK3
into a ‘pseudosubstrate’. This not only preventbstates from
binding, but also blocks access to the catalytitree
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Figure 1.10 The molecular mechanism by which phospmiylation inhibits

GSK3. The microtubule-associated protein Tau, which isutfht to stabilize

microtubulesin vivo and to promote their polymerization, is phosphdedaat

relatively high levels in fetal brain and in theaims of newborn animals, but at

much lower levels in adult brain. However, in Alzher’s diseasand several other
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neurodegenerative diseases, Tau is found in anrmaflp hyperphosphorylated,
filamentous and insoluble form. Such hyperphosplatnn is believed to be an
early event that precedes its assembly into filameéfthether hyperphosphorylation
is necessary or sufficient for filament assembly imclear; however,
hyperphosphorylation of Tau does prevent it fromdivig to microtubules, leaving
it free and available to undergo the aberrant fatrassembly that might underlie
the degeneration of nerve cells in these disedgesiy of the sites that are
hyperphosphorylated in filamentous Tau are phosgpiad efficiently by GSK3n
vitro (Hanger D.Pet al.,1992). Moreover, inhibitors of GSK3, such as lithiions
and insulin, induce a partial dephosphorylationTalu in newborn animals and
human neuronal cells. These observations raispdbsibility that GSK3 inhibitors
might reduce the abnormal hyperphosphorylation afi, Tthereby enhancing its
interaction with microtubules and reducing the poblTau available for aberrant
assembly (Bienz Mgt al,2000).

GSK3 is also involved in another neurodegeneratdisease:
spinocerebellar ataxia type 3. In fact Villén andworkers
demonstrated that GSK3 phosphorylaites/ivo Ser268 and Ser273
residues in the sequence of ataxin-3 (VilléatAl 2007).
Phosphorylation is a common post-translational fication that
controls protein function. In many neurodegeneeatiiseases the
phosphorylation of involved proteins has an impairtaole in
pathogenesis. Fei and coworkers demonstratedtédpahe8 is a GSK3
substrate and they identified Ser256 as a phos|atedyresidue. In
fact upon mutating Ser256 to alanine, ataxin-3 egaftion increases
in the pathologic form but not in the normal foreyggesting that
phosphorylation of ataxin-3 by GSK3 controls aggtemn of ataxin-3
(Fei E.,et al.,2007).
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AIM OF THE WORK

The aim of this work was the study of role of ataRiphosphorylation
and oxidative stress in the pathogenesis of spretedar ataxia type
3.

A bioinformatic analysis showed the presence of &tatve
phosphorylation sites for CK2 and 3 putative phasplation sites for
GSK3 in the sequence of the wild-type murine fornataxin-3 (AT-
3Q6). Anin vitro phosphorylation assay was performed to confirm,
through mass spectrometry analysis, the phosphmnylasites for
CK2 and GSKa3.

The identified phosphorylation sites were mutatedlanines to study
the involvement of these residues in the subcellldaalization of

ataxin-3. The experiments were performed in mananatells, COS-
7 or SHSY-5Y cells, and using subcellular fractioma mitochondria

isolation and confocal microscopy.

In this work the involvement of phosphorylation esit in the
interaction between ataxin-3 and VCP/p97 was afadied. In fact
ataxin-3 and VCP/p97 interact at ataxin-3 C-teriinina region with

5 phosphorylation sites for CK2 and GSK3. The co-
immunoprecipitation between VCP/p97 and ataxin-3 aaalyzed in
COS-7 cells under reticular stress or not. The ttoas used were
AT-3Q6, its mutants lacking phosphorylation sitesthe region of
interaction with VCP/p97 and the human pathologioain of ataxin-

3 (AT-3Q72).

Overproduction of reactive nitrogen species (RN®8H aeactive
oxygen species (ROS), which lead to neuronal nglty and death, is
a potential mediator of neurodegenerative disordeisiding poly-Q
diseases. Thus in this work the role of oxidatiteess in the
pathogenesis of Spinocerebellar Ataxia Type 3 waslied. In

particular the expression of NO synthase in Newadlls, transfected
with AT-3Q6 or AT-3Q72, was analyzed by western ttohg.

Moreover the nitration pattern in cells was studiedpresence of
wild-type or pathological form of ataxin-3, with damensional
analysis.
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2.1IN VITRO PHOSPHORYLATION OF ATAXIN-3
2.1.1 PURIFICATION FROM E.coli

AT-3Q6-encoding cDNA, cloned into plasmpGEX-6P-1 was used
to transfornmE. colistrain BL21 codon plus RIL, to express AT-3 as a
GST-fusion protein.

pGEX-GP-1 (27-4597-01)
PreScission™ Protease

Leu Glu Val Leu Phe Glnia!y ProlLeu Gly Ser Pro Glu Phe Pro Gly Arg Leu Gly Arg Pro His
CTG GAA GTT CTG TTC CAG GGG CCC CTG GGA TCC 6CG GAA TTC CCG GGT CGA CTC GAG CGG CCG CAT

BamH | EcoR| ~“gmar Sall Xno!  Neti

Tth111 1
Aatll

pSj10aBam7Siop7

PGEX

~4800 bp

Figure 2.1 Schematic representation of the plasmigGEX-6P-1

Cells were grown at 37°C in LB-ampicillin mediumdaimduced for 3

h with 50uM IPTG at Aspp 0.8. In order to obtain crude extracts, cells
were resuspended in lysis buffer (10 mM potassilmasphate, pH
7.2, 150 mM NaCl, 1 mM phenylmethanesulfony! flge;i 5 mM
DTT, 100 mM MgC}) plus 1 mg/ml lysozyme and incubated for 1 h
at 4°C. Cell suspension was then frozen at -80°%C2f min and
thawed; DNase | (0.15 mg/g of cells, wet weightyl 496 Triton X-
100 were added, and the sample further incubate@80fanin at room
temperature. After centrifugation for 30 min at @80x g, the
supernatant was incubated with Glutathione Sepba#ds resin (1
ml/g of cells, wet weight) (GE Healthcare, Upps&@ayeden) for 40
min at 4°C; the sample was subsequently loaded tirgocolumn.
After washing with 10 volumes of PBS (10 mM potassiphosphate,
pH 7.2, 150 mM NaCl) and equilibration with 10 vamiaes of cold
Cleavage Buffer (50 mM Tris-HCI, pH 7.0, 150 mM NaC mM
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EDTA, 1 mM DTT), AT-3 was cleaved from fusion pagtnby
overnight incubation at 4°C with Prescission Pre¢egB80 U/ml resin)
(GE Healthcare, Uppsala, Sweden). Purified AT-3 alated with 10
ml of Cleavage buffer. Protein concentration wasagsd through
Coomassie brilliant blue G-250 from Pierce (PieBietechnology,
Rockford, IL), using bovine plasma immunoglobulia a standard
protein.

2.1.2IN VITRO PHOSPHORYLATION BY CK2

AT-Q6 purified fromE. coli was dialyzed for 3 h at 4°C against 50
mM Tris pH 8, 150 mM NaCl, 10 mM Mgg&lwith a 14 kD cut-off
membrane. AT-3Q6 (4Q1g) was then incubated for 30 min at 30°C,
under shaking, with 1ug (200U) CK2 (BIOMOL international,
Plymouth Meeting, PA USA) in the presence ofmM ATP. The
sample was then subjected to MALDI-TOF analysis.

2.1.3IN VITRO PHOSPHORYLATION BY GSK3

AT-3Q6 purified fromE. coli was dialyzed for 3 h at 4°C in GSK3
buffer (25 mM MOPS pH 7.2, 12.5 migtglycerophosphate, 5 mM
EGTA, 2 mM EDTA, 25 mM MgGJl, 0.25 mM DTT, 50 ngll BSA)
with a 14 kD cut-off membrane. AT-3Q6 (44@) was then incubated
with 1 pg (100U) GSK3 (BIOMOL international, Plymouth Meawij
PA USA) and ATP 10@M at 30°C for 30 min. The sample was then
subjected to analysis.

2.1.4 MASS SPECTROMETRY ANALYSIS

AT-3Q6, phosphorylateth vitro by either CK2 or GSK3 as described
above, was subjected to reduction and alkylationsadution by
iodoacetamide and incubated with GIuC endoprotemagl:25
enzyme/protein, w/w) overnight at 37°C. Followiagdification, the
peptide mixture was loaded onto a MALDI plate usiigTip C18
(Millipore, Bedfor, MA-USA) with a matrix ofa-ciano-4-hydroxy-
cinnamic acid. Mass spectrometry analysis was ezhrout on a
Bruker Daltonics Reflex IV instrument (Bruker Datios, Milano,
Italy) equipped with a nitrogen laser, operating positive and
negative linear mode. Each spectrum was accumulatext least 200
laser shots and Bruker peptide calibration stardavdre used for
calibration.
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MS/MS analysis was carried out on a MALDI TOF/TOHtéflex Il
(Bruker Daltonics, Milano, Italy). Data were acedrand processed
using Biotools software (Bruker Daltonics, Milaritaly).

2.2 SUB-CELLULAR LOCALIZATION OF ATAXIN-3
PHOSPHORYLATION MUTANTS

2.2.1 CONSTRUCTS

cDNAs encoding for murine AT-3Q6 and human AT-3Q72,
previously subcloned in our laboratory into plasqaEX-6P-1 were
cut with BamHI and Xhol restriction enzymes and subcloned into
plasmidpcDNA3X(+)HA(Invitrogen UK Ltd. Paisley, England).

oMy

"\ svaoo

peDNASX(+HA)
5436 bp

Ampicillinﬁ “Neomycin

Figure 2.2 Schematic representation of the plasmigcDNA3X(+)HA

Subsequently, AT-3 coding cDNAs, tagged with an éptope at the
N-terminal, were retrieved by PCR frommcDNA3X(+)HA and
subcloned into plasmiggcDNA3.1/myc-Hisdigested with the same
enzymes, in frame with @mycepitope, mutating the STOP codon by
PCR using Quik-Change Site directed Mutagenesig3¥iatagene La
Jolla, CA USA), according to the manufacturer’drinstions.
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QW pronoter

Hindiil (208)
>C__ Xhol (977)
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pcDNA3.1myc-His RHpA

5493 bp
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Figure 2.3 Schematic representation of the plasmigcDNA3./myc-His

S272A, S277A, DM (S272A and S277A), TM (T271A, SA7and

S277A), QM (S268A, T271A, S272A, S273A and S2778)29A,

S29D and M (S29A, S329A and S341A) mutants weraiobtl by

PCR using Quik-Change Site directed Mutagenesi¢3iatagene La
Jolla, CA USA), according to the manufacturer'strinstions. The
correct insertion of cDNAs in expression vectord #me presence of
the mutations were verified by automated sequencsigg vector
oligonucleotide primers (T7 and BGH).

2.2.2 CELL CULTURES

All constructs inpcDNA3.1/myc-Hiscarrying N-terminal HA and C-
terminal c-myc epitopes, were hosted and amplifiedBncoli strain
DH5a, while protein expression was achieved after fteams
transfection of COS-7 cells or SHSY-5Y cells. Crdimiwere carried
out in 94 mm plates or onto coverslips in DMEM @ning 10% fetal
bovine serum (FBS), 100 U/ml penicillin, 106/ml streptomycin and
4 mM glutamine (COS-7 cells) or in F12 and DMEM t@ning 10%
fetal bovine serum (FBS), 100 U/ml penicillin, 2100g/ml
streptomycin and 4 mM glutamine (SHSY-5Y cells).llI€eavere
subsequently transiently transfected with FuGENERoche
Diagnostics Mannheim, Germany), according to thenufaecturer’s
instructions (with a proportion of 3l of FUGENEG6 / 1ug of DNA
for COS-7 cells and with a proportion ofjuBof FUGENEG6 / 2ug of
DNA for SHSY-5Y cells).

To inhibit CK2 and GSK3, COS-7 cells were incubated24 hours
at 37°C with either 5 or 10 uM CK2 inhibitor (TBBjgma St. Louis,
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Mo, USA) and/or with 10 uM GSK3 inhibitor (SB216763igma St.
Louis, Mo, USA). 24 h after transfection, cells wdrarvested and
tested for sub-cellular localization of exogenous3\by blotting and
detection with ante-myc or Z46 antibodies. Cell viability was
assessed through MTT test (Sigma St. Louis, Mo, J$Arformed
according to the manufacturer’s instructions. Statl analysis was
performed using t-Student test, results signifieawas indicated with
p<0.05.

2.2.3 IMMUNOFLUORESCENCE AND CONFOCAL
ANALYSIS

COS-7 cells were plated onto coverslips (2.5xddlls/coverslip) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 (Roche Diagnostics Mannheim, Germagg$)h after
transfection, cells were fixed for 20 min in 3% @/
paraformaldehyde in PBS and quenched for 30 mirn s mM
NH4Cl in PBS. Permeabilization was carried out by bating the
cells in the presence of 0.3% (w/v) saponin in RBSmin for 3
times). Cells were then doubly stained with a@atRyc mouse
monoclonal antibody (Santa Cruz Cruz Biotechnoldgg. Santa
Cruz, CA USA, 1:50) and anti-HA rabbit polyclonaitédody (Sigma
St. Louis, Mo USA, 1:50). Cells were also incubavath anti-c-myc
rabbit monoclonal antibody (Sigma St. Louis, Mo USIA50) and
mouse anteyt-c monoclonal antibody (Promega Corporation
Madison, WI USA, 1:200) for mitochondria visualimat. After
extensive washes, cells were incubated with dorétgiymouse Cy3
conjugated antibody (1:350) and donkey anti-ralily2 conjugated
antibody (1:150) or with donkey anti-rabbit Cy3330) and donkey
anti-mouse Cy2 (1:150) antibodies. All antibodiesrevfrom Jackson
ImmunoResearch Laboratories (West Grove, PA USAjulbations
and washes were carried out at room temperatup&$, 0.3% (w/v)
saponin. At the end cells were incubated for 15 wiith the nuclear
marker TO-PRO-3 iodide (Molecular Probes, InvitnoggK Ltd
Paisley, England). Confocal microscopy was perfarmging a Leica
Mod. TCS-SP2 (Leica Microsystem). Image processings
performed with Leica Confocal Software (LCS) andbbd Photoshop
Software. Confocal microscopy images were coltkaader the
same conditions in order to compare fluorescentengities among
different images. About 120 cells were examined iimages; the
mean fluorescence intensity of the nuclear regicas wevaluated.
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Statistical analysis was performed using t-Studesdt, results
significance was indicated with p<0.01.

2.2.4 CELL FRACTIONATION

24 h after transfection, COS-7 cells (6X1@lls/plate, cultured in 94
mm plates) or SHSY-5Y cells (1x3@ells/plate, cultured in 94 mm
plates) were harvested and resuspended in 10 myP@Mal00 mM
NaCl, pH 7.4, 0.5% NP-40, supplemented with praeaibitors
(Roche Diagnostics Mannheim, Germany). After in¢udga40 min
on ice, nuclei were pelleted by centrifugation @@ xg for 15 min at
4 °C. The supernatant was centrifuged at 1500®k80 min at 4 °C,
yielding the cytosolic fraction. Nuclei were resesded in 50 mM
HEPES pH 7.9, 0.75 mM Mg&I10.5 mM EDTA, 0.5 M NaCl, 12.5%
glycerol, 5 mM DTT and protease inhibitors. Aftecubating 1 h on
ice nuclei were centrifuged at 15000 xg for 30 rain4 °C: the
supernatant represented the nuclear fraction.

2.2.5 MITOCHONDRIA ISOLATION

To separate soluble mitochondrial proteins from ootibndrial
membranes, Mitochondria Isolation Kit for Cultur€klls (Pierce
Biotechnology Rockford, IL USA) was used according the
manufacturer’s protocol. Briefly Reagent A was atlde 2 x 10
COS-7 cells harvested 24 h after transfection. rAfieubating 2 min
on ice, Reagent B was added. After incubating 5 @nince vortexing
every minute, cells were resuspended in ReagemdCantrifuged at
700 x g for 10 min at 4°C. The supernatant wasrdeged at 3000 x
g for 5 min at 4°C: the supernatant representedyt@solic fraction,
while the pellet contained isolated mitochondriatd¢hondria were
washed with Reagent C and centrifuged at 1200@ox § min at 4°C.
To separate mitochondrial membranes from the matmitochondria
were lysed with 2% (w/v) CHAPS in PBS. After voritgx for 1 min,
mitochondria were centrifuged at high speed for ™. nlhe
supernatant represented the mitochondrial solubién (containing
soluble mitochondrial proteins), while the pelletpresented the
mitochondrial membranes. To confirm the homogeneaty the
mitochondrial soluble fraction, acid phosphatase lyaosomal
enzyme) and malic dehydrogenase (a mitochondrialrea) were
assayed. The first was assayed, following the proolu of
nitrophenol from p-nitrophenyl phosphate and thesagsconfirmed
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that mitochondrial fraction was not contaminatedlygosomes. The
latter was assayed following NADH absorbance deerest 340nm;
results showed that the soluble fraction contaimetiochondrial
proteins.

2.2.6 IMMUNOPRECIPITATION

1000ug of total protein extract obtained from AT-3Q6 oasgressing
COS-7 cells (treated or not with CK2 and GSK3 iitbits) was
incubated with 2ug of Z46 antibody (an anti-ataxin-3 polyclonal
antibody) (Primm Cambridge, MA USA), overnight aC4 The total
extract was subsequently incubated with Proteineptarosé™-CL-
4B (Amersham GE Healthcare, Uppsala, Sweden) fér & 4°C.
After incubation the resin was washed 3 times W&40 buffer (50
mM Tris pH 7.5, 150 mM NaCl, 15 mM Mg&and 1% NP40) and
ataxin-3 was eluted by boiling in SDS buffer.

2.2.7 SDS-PAGE AND WESTERN-BLOT ANALYSIS

SDS-PAGE and Western-blot were carried out by stehd
procedures. PVDF Immobilon™ P (MilliporBillerica, MA USA)
membranes were blocked for 1 h in PBS, containitigee5% (w/v)
dried milk (for antie-my¢ Z46, anti-vinculin, anti-VDAC and anti-
SOD2 antibodies) or in 5% (w/v) bovine serum albunBSA)
(Sigma St. Louis, Mo, USA) (for anti-fibrillarin an anti-
Phosphoglycerate kinase (PGK) antibodies). Memlsraneere
subsequently probed overnight in 1% dried milk BSPwith antie-
mycmouse monoclonal antibody (1:1000) (Santa CruzeBlinology
Inc. Santa Cruz, CA. USA) and in 5% dried milk iB% 0.3%
Tween20 with Z46 rabbit polyclonal antibody (1:5p0@Primm
Cambridge, MA USA). Control incubations for celadtionation with
anti-fibrillarin (1:5000) (Encor Biotechnology Gaisville, FL, USA),
with 22C5 anti-PGK (1:1000) (Molecular Probes, trmgen UK Ltd.
Paisley, England) and with anti-vinculin (1:100@8)gma St. Louis,
Mo, USA) mouse monoclonal antibodies were also i@arrout
overnight in PBS, containing 1% (w/v) BSA, 0.1%wjviTween20,
1% (w/v) BSA and 5% (w/v) dried milk, 0,05% Tween20
respectively. Control incubations for mitochondsalation with anti-
VDAC (1:1000) and anti-SOD2 (1:5000) rabbit polywdd antibodies
(Abcam Inc. Cambridge, MA USA) were also carried overnight in
PBS containing 5% (w/v) BSA. Membranes, probed witbuse
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antibodies, were incubated for 1 h with an anti-seunorseradish
peroxidase-conjugated IgG (1:3000) (Calbiochem [B#sadt,

Germany) in PBS, 0.1% (v/v) Tween20 containing Wv) dried

milk, while membranes probed with rabbit antibodie=re incubated
for 1 h with an anti-rabbit horseradish peroxidesejugated IgG
(1:15000) (Sigma St. Louis, Mo, USA) in PBS conian5% (w/v)

dried milk. Detection of antibody binding was cadiout with ECL
(Amersham GE Healthcare, Uppsala, Sweden), acaprtin the

manufacturer’s instructions.

Protein levels were quantified by densitometry @hred not
saturated X-ray films using the NIH Image-basedtveafe Scion
Image (Scion Corporation). Quantification data arenean of three
independent experiments; bands intensities weremalimed on
fibrillarin and PGK controls. Statistical analysiss performed using
t-Student test, results significance was indicategd p<0.05.

2.2.8 ACID SILVER STAIN

To analyze AT-3 immunoprecipitated from COS-7 cdig mass
spectrometry, SDS-PAGE was fixed for 1h in 40% Ethal0% acid
acetic and for 2 days in 5% ethanol, 5% acid ac¢hie gel was
subsequently washed in 30% ethanol 3 times for i2Camd incubated
for 1 min in 0.8 mM sodium tiosulfate. The gel vthen incubated in
11.8 mM silver nitrate, 0.02% formaldehyde for 20inmand

subsequently washed twice with water for 20 secdeekloped with
556 mM sodium carbonate, 0.02% formaldehyde, 0.62 sodium

tiosulfate. Developing was stopped with 50% ethad@% acid

acetic; the gel was washed with water for 10 mid aonserved at
4°C in 1% acid acetic.

2.2.9 MASS SPECTROMETRY ANALYSIS

AT-3, immunoprecipitated from COS-7 transfectedscak described
above and separated by SDS-PAGE, was subjectiadsttu digestion
with GluC endoproteinase (1:10 enzyme/protein, wamyl peptide
extraction with 40% CECN in 0.1% TFA before loading onto the
MALDI plate using ZipTip C18 (Millipore, Bedfor, MAJSA) with a
matrix of a-ciano-4-hydroxy-cinnamic acid. Mass spectrometry
analysis was carried out on a Bruker Daltonics &elV instrument
(Bruker Daltonics, Milano, Italy) equipped with atrogen laser,
operating in positive and negative linear mode.hEggectrum was
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accumulated for at least 200 laser shots and Bro#getide calibration
standards were used for calibration.

MS/MS analysis was carried out on a MALDI TOF/TOHtéflex IlI
(Bruker Daltonics, Milano, Italy). Data were acegdrand processed
using Biotools software (Bruker Daltonics, Milartaly).

2.3 INTERACTION BETWEEN AT-3 AND VCP/p97
2.3.1 CONSTRUCTS

cDNA encoding for murine AT-3Q6, previously subdanin our
laboratory into plasmipgGEX-6P-1 was cut withBamHI and Xhol
restriction enzymes and subcloned into plasmpaDNA3X(+)HA
(Invitrogen UK Ltd. Paisley, England).

cDNA encoding for human AT-3Q72 was cloned into spiad
pcDNA3.1/myc-Hign frame with HA epitope at N-terminal acemyc
epitope at C-terminal.

T™M (T271A, S272A and S277A) mutant, cloned into sphd
pcDNA3.1/myc-His was cut with Hindlll and Xhol restriction
enzymes and subcloned into plasp@aDNA3X(+)HA introducing the
STOP codon by PCR using Quik-Change Site directetialyenesis
Kit (Stratagene La Jolla, CA USA), according to thanufacturer’s
instructions.

QM (S268A, T271A, S272A, S273A and S277A) mutantswa
obtained by PCR using Quik-Change Site directedagienesis Kit
(Stratagene La Jolla, CA USA), according to the umacturer’s
instructions.

cDNA encoding for VCP/p97, cloned into plasmigCMV-
SportéecedB was retrieved by PCR and subcloned into plasmid
pcDNA3.1/myc-Hisdigested with the same enzymes, in frame with a
c-mycepitope, mutating the STOP codon by PCR using Q@in&nge
Site directed Mutagenesis Kit (Stratagene La Jod#y USA),
according to the manufacturer’s instructions.
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Figure 2.4 Schematic representation of the plasmigCMV-Sport6ccdB

The PCR program was:

1 98°C 2 min.
98°C 30 sec.
1 53°C 30 sec.
72°C 3 min.
98°C 30 sec.
30 63°C 30 sec.
72°C 3 min.
1 72°C 10 min.

The correct insertion of cDNAs in expression vestand the presence
of the mutations were verified by automated sequgnasing vector

oligonucleotide primers (T7 and BGH fp
SP6 forpcDNA3X(+)HA.
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2.3.2 CELL CULTURES

All constructs inpcDNA3X(+)HA carrying N-terminal HA epitope,
and VCP/p97 and AT-3Q72 encoding cDNA$tDNA3.1/myc-His
carrying C-terminalc-myc epitope, were hosted and amplifiedBn
coli strain DH%, while protein expression was achieved after
transient transfection of COS-7 cells. Culturesevegirried out in 94
mm plates in DMEM containing 10% fetal bovine ser(f#/8S), 100
U/ml penicillin, 100ug/ml streptomycin and 4 mM glutamine. Cells
were subsequently transiently co-transfected wilkeEENE6 (Roche
Diagnostics Mannheim, Germany), according to thenufaecturer’s
instructions (with a proportion of gl of FUGENEG6 / 1ug of DNA
and with a 1:1 proportion of DNAs molecular weights

To induce an ERAD stress condition, 24 h after dfection, cells
were treated with 10 mM DTT (Sigma St. Louis, MGGA) for 1 h at
37°C (Lai C. Wet al, 2010).

24 h after transfection, cells were harvested ampdted for
immunoprecipitation of exogenous AT-3 and exogendG®/p97 by
blotting and detection with antk-mycand anti-HA antibodies.

2.3.3 CELL FRACTIONATION

24 h after transfection, COS-7 cells (6X1@lls/plate, cultured in 94
mm plates) were harvested and resuspended in 1qNaWQ, 100
mM NaCl, pH 7.4, 0.5% NP-40, supplemented with @ast
inhibitors (Roche Diagnostics Mannheim, GermanyjeAincubating
40 min on ice, nuclei were pelleted by centrifugatat 4000 xg for 15
min at 4 °C. The supernatant was centrifuged a0Q5@ for 30 min
at 4 °C, yielding the cytosolic fraction. Nuclei ngeresuspended in 50
mM HEPES pH 7.9, 0.75 mM Mg£10.5 mM EDTA, 0.5 M NacCl,
12.5% glycerol, 5 mM DTT and protease inhibitorgteA incubating
1 h on ice nuclei were centrifuged at 15000 xg3@min at 4 °C: the
supernatant represented the nuclear fraction.

2.3.4 IMMUNOPRECIPITATION

1000 pug of total protein extract was incubated withug of Z46
antibody (an anti-ataxin-3 polyclonal antibody) igffin Cambridge,
MA USA), overnight at 4°C. The total extract wasbsequently
incubated with Protein A-Sepharose’-CL-4B (Amersham GE
Healthcare, Uppsala, Sweden) for 2 h at 4°C. Aiteubation the
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resin was washed 3 times with NP40 buffer (50 mig pH 7.5, 150
mM NaCl, 15 mM MgCJ and 1% NP40) and ataxin-3 was eluted by
boiling in SDS buffer.

2.3.5 SDS-PAGE AND WESTERN-BLOT ANALYSIS

SDS-PAGE and Western-blot were carried out by stehd
procedures. PVDF Immobilon™ P (MilliporBillerica, MA USA)
membranes were blocked for 1 h in PBS, containiitg(%/v) dried
milk. Membranes were subsequently probed overnight% dried
milk in PBS with antie-myc mouse monoclonal antibody (1:1000)
(Santa Cruz Biotechnology Inc. Santa Cruz, CA. US#)isualize
VCP/p97 or AT-3Q72 and with anti-HA mouse monocloaatibody
(1:1000) (Santa Cruz Biotechnology Inc. Santa C@#&, USA) to
visualize AT-3Q6. Membranes, probed with mousebaalies, were
incubated for 1 h with an anti-mouse horseradismoydase-
conjugated IgG (1:3000) (Calbiochem Darmstadt, Genh in PBS,
0.1% (v/v) Tween20 containing 1% (w/v) dried milRetection of
antibody binding was carried out with ECL (Amersha@E
Healthcare, Uppsala, Sweden), according to the faatwer’s
instructions.

Protein levels were quantified by densitometry @hrsed not
saturated X-ray films using the NIH Image-basedtveafe Scion
Image (Scion Corporation). Quantification data arenean of three
independent experiments. Statistical analysis wafopned using t-
Student test, results significance was indicated p40.05.

2.4 NITRATION AND AT-3
2.4.1 CONSTRUCTS

cDNAs encoding for murine AT-3Q6 and human AT-3Q72,
previously subcloned in our laboratory into plasmp@EX-6P-1 were
cut with BamHI and Xhol restriction enzymes and subcloned into
plasmidpcDNA3X(+)HA(Invitrogen UK Ltd. Paisley, England).
Subsequently, AT-3 coding cDNAs, tagged with an éptope at the
N-terminal, were retrieved by PCR fromcDNA3X(+)HA and
subcloned into plasmiggcDNA3.1/myc-Hisdigested with the same
enzymes, in frame with @mycepitope, mutating the STOP codon by
PCR using Quik-Change Site directed Mutagenesi¢3iatagene La
Jolla, CA USA), according to the manifacturer’stiastions.
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2.4.2 CELL CULTURES

All constructs inpcDNAS3.1/myc-Hiscarrying C-terminat-mycand
N-terminal HA epitopes, were hosted and amplifiecEi coli strain
DH5a, while protein expression was achieved after feams
transfection of Neuro2a cells. Cultures were cdraait in 94 mm
plates in DMEM containing 10% fetal bovine serurd@jy, 100 U/ml
penicillin, 100 ug/ml streptomycin and 4 mM glutamine. Cells were
subsequently transiently transfected with FuGENERoche
Diagnostics Mannheim, Germany), according to thenufaecturer’s
instructions (with a proportion of @3l of FUGENEG6 / 2ug of DNA).
24 h after transfection, cells were harvested asted for expression
of endogenous NOS by blotting and detection withi-H@S
antibody.

2.4.3 CELL FRACTIONATION

24 h after transfection, Neuro2a cells (1%&6lls/plate, cultured in 94
mm plates) were harvested and resuspended in 1qNaWQ, 100
mM NaCl, pH 7.4, 0.5% NP-40, supplemented with @ast
inhibitors (Roche Diagnostics Mannheim, GermanyjeAincubating
40 min on ice, nuclei were pelleted by centrifugatat 4000 xg for 15
min at 4 °C. The supernatant was centrifuged a0Q5@ for 30 min
at 4 °C, yielding the cytosolic fraction. Nuclei ngeresuspended in 50
mM HEPES pH 7.9, 0.75 mM Mg£10.5 mM EDTA, 0.5 M NacCl,
12.5% glycerol, 5 mM DTT and protease inhibitordteA incubating
1 h on ice nuclei were centrifuged at 15000 xg3@min at 4 °C: the
supernatant represented the nuclear fraction.

2.4.4 2-D PAGE

2-D PAGE was carried out on the total extracts iobth by cell
fractionation, after reduction and alkylation. Tlsamples were
solubilized in 50 mM Tris-HCI pH 6.8, 4% SDS and 5Be
mercaptoethanol, heated at 70°C, sonicated fornlamd centrifuged
at 10000 x gfor 5 min. The supernatants were treated with 5 mM
tributylphosphine in NEFHCO; 0.1 M as a reductant and stored at
room temperature for 1.5 h. After this step, thengles were
incubated with 20 mM iodoacetamide at room tempeeator 1.5 h.
The samples were then precipitated in an anhydsmistion of
acetone and methanol (8:1 v/v). Precipitates wesegpended in the
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2-D PAGE sample buffer (7 M urea, 2 M thiourea, B#»-40, 0.5%
Resolyte 3.5-10 NL, bromophenol blue) and sonic&ded min. For
the first dimension, 8Qg of proteins were applied to a rehydrated IPG
strip (110 mm, pH 3-10 NL; Amersham Biosciences,loGao
Monzese, Italy) and IEF was carried out at 2000@! voltage, for

6 h. Before the second dimension, the strips wiased with buffer (6

M urea in 0.375 M Tris-HCIl pH 8.8, 2% SDS, 20% gixal,
bromophenol blue). The second dimension was peddrran a
homemade 10% SDS minigel at 180 mA for 1 h. Findlhe gels
were blotted onto a PVDF membrane.

2.4.5 SDS-PAGE AND WESTERN-BLOT ANALYSIS

SDS-PAGE and Western-blot were carried out by stehd
procedures. PVDF Immobilon™ P (MilliporBillerica, MA USA)
membranes were blocked for 1 h in PBS, containiitg(%/v) dried
milk, or o.n. in PBS containing 6% (w/v) dried miknd 0.05%
Tween20 for anti-nitrotyrosine antibody. Membranewere
subsequently probed overnight in 1% dried milk BSPwith antie-
mycmouse monoclonal antibody (1:1000) (Santa CruzeBlinology
Inc. Santa Cruz, CA. USA) to visualize AT-3 andbb dried milk in
PBS with anti-NOS rabbit polyclonal antibody (1:00{Abcam Inc.
Cambridge, MA USA) to visualize NOS. To visualizetrated
proteins membranes were probed for 2 h in PBS oonga6% dried
milk, 0.05% Tween20 with anti-nitrotyrosine rabbgolyclonal
antibody (1:750)kindly supplied by Professor Arce (Universitad
Nacional de Cordoba, ArgentinalControl incubation with anti-
vinculin (1:10000) (Sigma St. Louis, Mo, USA) mous®noclonal
antibody was carried out overnight in PBS, contejrb% (w/v) dried
milk, 0.05% Tween20. Membranes, probed with mousgbadies,
were incubated for 1 h with an anti-mouse horsstagieroxidase-
conjugated IgG (1:3000) (Calbiochem Darmstadt, Genyh in PBS,
0.1% (viv) Tween20 containing 1% (w/v) dried milkyhile
membranes probed with rabbit antibodies were in@aabéor 1 h with
an anti-rabbit horseradish peroxidase-conjugate® I@L:15000)
(Sigma St. Louis, Mo, USA) in PBS containing 5% \(mried milk.
Detection of antibody binding was carried out w#GL (Amersham
GE Healthcare, Uppsala, Sweden), according to thaufacturer’s
instructions.

Protein levels were quantified by densitometry @hrsed not
saturated X-ray films using the NIH Image-basedtveafe Scion
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Image (Scion Corporation). Quantification data arenean of three
independent experiments; bands intensities weremalimed on

vinculin control. Statistical analysis was perfodmesing t-Student
test, results significance was indicated with p§0.0

In nitration pattern analysis protein levels wereargified by

densitometry of scanned not saturated X-ray filsimgi Quantity-one
Analysis software and profiles were obtained thfotige parameter
Trace quantity (the quantity of a band as meashyethe area under
its intensity profile curve).

58



3. Results



3. Results

3.1IN VITRO PHOSPHORYLATON OF AT-3
3.1.1 ATAXIN-3 AND CK2
In our laboratory, usindNetPhos 2.0 ScanPrositeand PHOSIDIA
servers, eight putative phosphorylation sites &semn kinase 2 (CK2)

were identified in the murine ataxin-3 (AT-3Q6) seqce (Table 3.1
and Figure 3.1).

Table 3.1 Putative phosphorylation sites for CK2 inrAT-3Q6 sequence.

aa 29-32 SPVE
aa 236-239 SRQE
aa 263-266 SMCE
aa 271-274 TSSP
aa 272-275 SSPD
aa 277-280 SSEE
aa 329-332 SEED
aa 344-347 TAKD

1 11 21 31 41 51

1 MESI FHEKQE GSLCAQHCLN NLLQGEYFSP VELSSI AHQL DEEERLRMAE GGVTSEDYRT 60
61 FLQQPSGNMD DSGFFSI QI SNALKVWGLE LI LFNSPEYQ RLRI DPI NER SFI CNYKEHW 120
121 FTVRKLGKQW FNLNSLLTGP ELI SDTYLAL FLAQLQQEGY S| FVWKGDLP DCEADQLLQM 180
181 | KVQQVHRPK LI GEELAHLK EQSALKADLE RVLEAADGSG | FDEDEDDLQ RALAI SRQEI 240
241 DMEDEEADLR RAI QLSMQGS SRSMCENSPQ TSSPDLSSEE LRRRREAYFE KQQQQQQEVD 300
301 RPGPLSYPRE RPTTSSGGRR SDQGGDAVSE EDMLRAAVTM SLETAKDNLK

Figure 3.1 AT-3Q6 sequenceCK2 putative phosphorylated residues are eviglnc
in red.

AT-3Q6 purified fromE.coli was phosphorylateid vitro by CK2 and
analized by mass spectrometry. Seven phosphorytasdues were
identified (Table 3.2).
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Table 3.2 Phosphorylation sites for CK2 in AT-3Q6 equence.

aa 29-32 SPVE
aa 271-274 TSSP
aa 272-275 SSPD
aa 277-280 SSEE
aa 329-332 SEED
aa 341-344 SLET
aa 344-347 TAKD

3.1.2 ATAXIN-3 AND GSK3

In our laboratory, using PHOSIDIA server, three putative
phosphorylation sites for glycogen synthase kindsgSK3) were
identified in the murine ataxin-3 (AT-3Q6) sequerf@able 3.3 and
Figure 3.2).

Table 3.3 Putative phosphorylation sites for GSK3n AT-3Q6 sequence.

aa 29-32 SPVE
aa 268-271 SPQT
aa 273-276 SPDL
1 11 21 31 41 51

1 MESI FHEKQE GSLCAQHCLN NLLQGEYFSP VELSSI AHQL DEEERLRMAE GGVTSEDYRT 60
61 FLQQPSGNMD DSGFFSI QVI SNALKVWGLE LI LFNSPEYQ RLRI DPI NER SFI CNYKEHW 120
121 FTVRKLGKQW FNLNSLLTGP ELI SDTYLAL FLAQLQQEGY S| FVWKGDLP DCEADQLLQM 180
181 | KVQQVHRPK LI GEELAHLK EQSALKADLE RVLEAADGSG | FDEDEDDLQ RALAI SRQEI 240
241 DMEDEEADLR RAI QLSMQGS SRSMCENSPQ TSSPDLSSEE LRRRREAYFE KQQQQQQEVD 300
301 RPGPLSYPRE RPTTSSGGRR SDQGGDAVSE EDM_RAAVTM SLETAKDNLK

Figure 3.2 AT-3Q6 sequence GSK3 putative phosphorylation residues are
evidenced in red.

AT-3Q6 purified fromE.coli was phosphorylateth vitro by GSK3
and analized by mass spectrometry. Three phostedylresidues
were identified (Table 3.4).
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Table 3.4 Phosphorylation sites for GSK3 in AT-3Q&equence.

aa 29-32 SPVE
aa 268-271 SPQT
aa 273-276 SPDL

3.1.3 S29 IS PHOSPHORYLATED BY CK2 AND GSK3

Mass spectrometry analysis demonstrated that se@8e is
phosphorylated by CK2 and GSK3.

a)
AT-3 Kinase Peptide Species Predicted | Identified
mass mass
CK2
Wild type “YFSPVE™" P-Ser-18 | 723.34 723.30
~YFSPVELSSIAHQLDEEE " P-Ser+80 | 2172.97 [ 217232
KQEGSLCAQHCLNNLLQGEYFSPVE ™ P-Ser+80 | 3001.35 | 3002.13
“SIFHEKQEGSLCAQHCLNNLLQGEYFSPVE - | P-Ser-18 | 3516.64 | 3516.00
GSK3
Wild type TYFSPVE™ P-Ser-18 | 723.34 723.53
“YFSPVELSSIAHQLDEEE™ P-Ser+80 | 217297 | 2173.00
KQEGSLCAQHCLNNLLQGEYFSPVE ™" P-Ser+80 | 3001.35 | 3001.00
b)
PYFSPVELSSIAHOLDEEE®  *KQEGSLCAQHCLNNLLQGEYFSPVE™ *SIFHEKQEGSLCAQHCLNNLLQGEYFSPVE™
au 217232 au. 3002.13 a.u. 3516.00
100 (P-Se€r +80) (P-Ser + 80) 000 (P-Ser-18)
150
300 3000 |
100
200 _ 2000 |
| |
100 50 ]
1000 | U |
‘,-Wu.-.al'-:ﬂl-.lq-',..',.J"tl: N e . ) I;,')’ |'|H'1 ] | Ulll |
™ ' W alry Sy A
2240 2260 2280 miz 2960 3000 miz 3450 3550 3650 miz

Figure 3.3 AT-3 is phosphorylated on Ser 29 by CKand GSK3 (a)8 pg of AT-

3 was phosphorylatad vitro either by CK2 or GSK3. Samples were denaturedl in
M urea and subjected to reduction and alkylatiorsatution by iodoacetamide.

After dilution and incubation with GluC endoproteses (1:25 enzyme/protein,
w/w) overnight at 37°C, samples were analysed bgdvinalysis. The presence of
the phosphate group results in an increase in ofe8® units or in a decrease of 18
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units due to the loss of the phosphate and a watécule.(b) Peak at 2172.3®)/z
corresponding to the CK2 phosphorylated peptide  447-
(*"YFSPVELSSIAHQLDEEE, calculated average mass 2172.97), peak at 3002.13
m/z  corresponding to the CK2 phosphorylated peptide 32 8-
((KQEGSLCAQHCLNNLLQGEYFSPVE®, calculated monoisotopic  mass
3001.35) and peak at 3516.00zcorresponding to the CK2 phosphorylated peptide
3-32 PSIFHEKQEGSLCAQHCLNNLLQGEYBPVE®, calculated monoisotopic
mass 3516.64) are indicated. Data are represemtaftione of three experiments.

Operating in the linear mode, upon incubation déswwype AT-3 with
either CK2 or GSK3, it was possible to detect peaksesponding to
monophosphorylated peptides containing S29 (Figudg. A list of
the phosphorylated peptides identified through nsgectrometry is
reported in Figure 3.3a. The peak at 3002nl3was also analyzed by
MS/MS TOF-TOF analysis unequivocally confirming the
phosphorylation of AT-3 on S29 residue (data notwst). Upon
phosphatase treatment the corresponding non-phodatenl peaks
were detected (data not shown). Figure 3.3b repdwise of the
spectra relative to the peptides, obtained aftersphorylation with
CK2: peak at 2172.3&/z corresponds to the phosphorylated peptide
27-44 E'YFSPVELSSIAHQLDEEEY, calculated average mass
2172.97), peak at 3002.11®/z corresponds to the phosphorylated
peptide 8-32 KQEGSLCAQHCLNNLLQGEYFSPVE®, calculated
monoisotopic mass 3001.35) and peak at 3518&orresponds to
the phosphorylated peptide 3-32
(*SIFHEKQEGSLCAQHCLNNLLQGEYBPVE*, calculated
monoisotopic mass 3516.64).

Taken together, these results provide evidence W#Wat3 is
phosphorylateah vitro on residue S29 by CK2 and GSK3 and suggest
a direct role of these kinases im vivo phosphorylation of AT-3
within the Josephin domain.

3.2 SUB-CELLULAR LOCALIZATION OF ATAXIN-3
PHOSPHORYLATION MUTANTS

3.2.1 CONSTRUCTS
cDNAs encoding for murine ataxin-3 (AT-3Q6) and lamm
pathological ataxin-3 (AT-3Q72) were subcloned frgmasmid

PcDNA3X(+HA) into plasmid pcDNA3.1/myc-Histhe recombinant
proteins carry N-terminal HA and C-termiraimycepitopes.
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Phosphorylation mutants were obtained by PCR gubisfl serines
and threonine with alanines or aspartate (to mphiocsphorylation as
a control); the following mutants were obtained:

AT-3Q6S272A
AT-3Q6S277A

AT-3Q6DM (S272A and S277A)

AT-3Q6TM (T271A, S272A and S277A)

AT-3Q6QM (S268A, T271A, S272A, S273A and S277A)
AT-3Q6S29A

AT-3Q6S29D

AT-3Q72S29A

AT-3Q6M (S29A, S329A and S341A)

All constructs were hosted and amplified&ncoli strain DH, while
protein expression was achieved after transiensteation of COS-7
or SHSY-5Y cells. Cultures were carried out in 9¢h mlates or onto
coverslips in DMEM containing 10% fetal bovine ser¢FBS), 100
U/ml penicillin, 200ug/ml streptomycin and 4 mM glutamine (COS-7
cells) or in F12 and DMEM containing 10% fetal hoviserum (FBS),
100 U/ml penicillin, 100ug/ml streptomycin and 4 mM glutamine
(SHSY-5Y cells). Cells were subsequently transjetrtdnsfected with
FuGENES®.

3.2.2 AT-3Q6S272A AND AT-3Q6S277A
3.2.2.1 CONFOCAL MICROSCOPY ANALYSIS

COS-7 cells were plated onto coverslips (2.5xddlls/coverslip) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 and AT-3Q6, AT-3Q6S272A or AT-3Q6S2724 h

after transfection cells were doubly stained witfti-a-myc mouse
monoclonal antibody to visualize C-terminal fragnseaf AT-3 and

anti-HA rabbit polyclonal antibody to visualize Mrminal fragments
of AT-3. After extensive washes, cells were inceldawith donkey
anti-mouse Cy3 conjugated antibody (red) and domkerabbit Cy2
conjugated antibody (green).
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HA myc overlay

Q6S272A

Q6S277A

Q6

Figure 3.4 Confocal microscopy analysis of AT-3Q6S2A and AT-3Q6S277A
sub-cellular localization. COS-7 cells were transfected with cDNAs codingAdr
3Q6, AT-3Q6S272A or AT-3Q6S277A mutants. To invgaste sub-cellular
localization of AT-3, cells were fixed in PFA andoped with mouse monoclonal
anti-c-myc(red) and rabbit monoclonal anti-HA antibodiesea).

Confocal microscopy analysis (Figure 3.4) shows A&3Q6S272A
and AT-3Q6S277A localize in the cytoplasm as welirathe nucleus,
showing the same localization of the wild-type. Theerlays show
that N-terminal and C-terminal fragments co-loaaliz

Cells were also incubated with antimycrabbit monoclonal antibody
to visualize AT-3 and mouse amy-c monoclonal antibody for
mitochondria visualization. After extensive washealls were

incubated with donkey anti-rabbit Cy3 (red) and ldgnanti-mouse
Cy2 (green) antibodies.
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cytC myc overlay

Q6S272A

Q6S277A
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Figure 3.5 Confocal microscopy analysis of AT-3Q6S2A and AT-3Q6S277A
mitochondrial localization. COS-7 cells were transfected with cDNAs coding for
AT-3Q6, AT-3Q6S272A or AT-3Q6S277A mutants. To igstigate mitochondrial
localization of AT-3, cells were fixed in PFA andoped with rabbit monoclonal
anti-c-myc(red) and mouse monoclonal aagitocrome-a@ntibodies (green).

Confocal microscopy analysis (Figure 3.5) shows$ A&3Q6S272A
and AT-3Q6S277A localize also in mitochondria asdwype. The
overlays show that AT-3 co-localizes witltytocrome-c in
mitochondria.

3.2.2.2 CELL FRACTIONATION

COS-7 cells were cultured in 94 mm plates (6x&élls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 andocDNA3.1/mic-His AT-3Q6, AT-3Q6S272A or
AT-3Q6S277A. 24 h after transfection cells wereviated and
cytosolic and nuclear fractions were obtained. AB®S-PAGE and
Western blot, membranes were incubated with @nmiyc mouse
monoclonal antibody to visualize AT-3 and with awiticulin, anti-
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fibrillarin and anti-PGK mouse monoclonal antibad#s fractionation
and loading controls.

NF CF
06S277A QBS272A Q6 pcDNA  Q6S277A QBS272A (06 PCDNA
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Figure 3.6 Western-blot analysis of AT-3Q6S272A and\T-3Q6S277A sub-
cellular localization. c-myctagged AT-3Q6 and its mutants AT-3Q6S272A and
AT-3Q6S277A were expressed in COS-7 cells. Wedtlats- of cytosolic and
nuclear fractions were probed with a monoclonail esthycantibody. Cytosolic and
nuclear fractions controls were performed with <ibtillarin and anti-PGK
antibodies, while loading control was performedwanti-vinculin antibody. COS-7
cells were transfected also with empgDNA3.1/myc-Higs control.

Western-blot analysis of AT-3Q6S272A and AT-3Q6SR73ub-
cellular localization (Figure 3.6) shows that tHegalize in cytosol
and also in the nucleus as the wild-type. Moredah mutants are
subjected to the same proteolytic cleavage as tldetype.

3.2.2.3 MITOCHONDRIA ISOLATION

COS-7 cells were cultured in 94 mm plates (6%&élls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENE6 angpcDNA3.1/myc-HisAT-3Q6, AT-3Q6S272A or
AT-3Q6S277A. 24 h after transfection cells wereviated and
mitochondria membranes, lysosomal, mitochondria a&ytbsolic
soluble fractions were obtained. After SDS-PAGE &vestern blot,
membranes were incubated with Z46 rabbit polyclaanatibody to
visualize AT-3 and with anti-VDAC and anti-SOD2 béthpolyclonal
antibodies as mitochondria isolation controls.
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MM LF MF CF
a) QB6S277A Q6S272A Q6S277A Q6S272A Q6S277A QB6S272A Q6S277A Q6S272A

e  aWES
ANTI-VDAG | s ; >

ANTI-SOD2 — o

b) MM LF MF CF
06 pcDNA Q6 pcDNA Q6 pcDNA Q6 pcDNA

T —— —
47 - — Rl e

" - B —
ANTI-VDAC “ -

ANTI-SOD2 — - s

Figure 3.7 Western-blot analysis of AT-3Q6S272A andAT-3Q6S277A
mitochondrial localization. c-myc tagged AT-3Q6(b) and its mutants AT-
3Q6S272A and AT-3Q6S277¢) were expressed in COS-7 cells. Western-blots of
mitochondrial membranes and lysosomal, mitochohdaiad cytosolic soluble
fractions were probed with a polyclonal Z46 antijpotitochondrial membranes
and mitochondrial soluble fraction controls werefpened with anti-VDAC and
anti-SOD2 antibodies.(b) COS-7 cells were transfected also with empty
pcDNA3.1/myc-Hiss a control.

Western-blot analysis of AT-3Q6S272A and AT-3Q6SR77
mitochondrial localization (Figure 3.7) shows thaey localize in
mitochondrial membranes and also in mitochondmdlilde fraction
as the wild-type.

3.2.3 AT-3Q6DM AND AT-3Q6TM
3.2.3.1 CONFOCAL MICROSCOPY ANALYSIS

COS-7 cells were plated onto coverslips (2.5xddlls/coverslip) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 and AT-3Q6, AT-3Q6DM or AT-3Q6TM. 24diter
transfection cells were doubly stained with antiyc mouse
monoclonal antibody to visualize C-terminal fragnseaf AT-3 and
anti-HA rabbit polyclonal antibody to visualize Mrminal fragments
of AT-3. After extensive washes, cells were incebatvith donkey
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anti-mouse Cy3 conjugated antibody (red) and domkerabbit Cy2
conjugated antibody (green).

HA myc overlay

Q6DM

Q6TM

Q6

Figure 3.8 Confocal microscopy analysis of AT-3Q6DMand AT-3Q6TM sub-

cellular localization. COS-7 cells were transfected with cDNAs coding AGr-

3Q6, AT-3Q6DM or AT-3Q6TM mutants. To investigatgbscellular localization
of AT-3, cells were fixed in PFA and probed with mse monoclonal anti-myc
(red) and rabbit monoclonal anti-HA antibodies &re

The confocal analysis (Figure 3.8) shows that ATeB®! and AT-
3Q6TM localize in the cytoplasm as well as in theslaus, so they
have the same localization of the wild-type. Thertays show that N-
terminal and C-terminal fragments co-localize.

Cells were also incubated with antimycrabbit monoclonal antibody
to detect AT-3 and mouse awyt-c monoclonal antibody for
mitochondria visualization. After extensive washealls were

incubated with donkey anti-rabbit Cy3 (red) and ldgnanti-mouse
Cy2 (green) antibodies.
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Figure 3.9 Confocal microscopy analysis of AT-3Q6DMand AT-3Q6TM
mitochondrial localization. COS-7 cells were transfected with cDNAs coding for
AT-3Q6, AT-3Q6DM or AT-3Q6TM mutants. To investigatmitochondrial
localization of AT-3, cells were fixed in PFA andoped with rabbit monoclonal
anti-c-myc(red) and mouse monoclonal aagitocrome-a@ntibodies (green).

Confocal microscopy analysis (Figure 3.9) showd #ha-3Q6DM
and AT-3Q6TM also localize in mitochondria as thiédwype. The
overlays show that AT-3 co-localizes witltytocrome-c in
mitochondria.

3.2.3.2 CELL FRACTIONATION

COS-7 cells were cultured in 94 mm plates (6x&6lls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 and AT-3Q6, AT-3Q6DM or AT-3Q6TM. 24diter
transfection cells were harvested and cytosolic munclear fractions
were obtained. After SDS-PAGE and Western blot, brames were
incubated with ante-myc mouse monoclonal antibody to visualize
AT-3 and with anti-vinculin, anti-fibrillarin and rei-PGK mouse
monoclonal antibodies as fractionation and loadogtrols.
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Figure 3.10 Western-blot analysis of AT-3Q6DM and A-3Q6TM sub-cellular
localization. c-myc tagged AT-3Q6 and its mutants AT-3Q6D{d) and AT-
3Q6TM (b) were expressed in COS-7 cells. Western-blots tfsojic and nuclear
fractions were probed with a monoclonal aitinycantibody. Cytosolic and nuclear
fractions controls were performed with anti-fikmifin and anti-PGK antibodies,
while loading control was performed with anti-vitinuantibody.

Western-blot analysis of AT-3Q6DM and AT-3Q6TM scddlular
localization (Figure 3.10) shows that they localizeytosol and also
in nucleus as wild-type. Both mutants are subjedtedhe same
proteolytic cleavage as the wild-type.

3.2.3.3 MITOCHONDRIA ISOLATION

COS-7 cells were cultured in 94 mm plates (6%&élls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 andpcDNA3.1/myc-His AT-3Q6, AT-3Q6DM or
AT-3Q6TM. 24 h after transfection cells were hatees and
mitochondrial membranes, as well as lysosomal, chitadrial and
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cytosolic soluble fractions were obtained. After SPAGE and
Western blot, membranes were incubated with Z46itradwlyclonal
antibody to visualize AT-3 and with anti-VDAC andtaSOD?2 rabbit
polyclonal antibodies as mitochondria isolationtcols.

LF MM MF CF b MM LF MF CF
a) 06DM Q6DM  Q6DM  Q6DM ) 06TM  Q6TM  Q6TM  Q6TM
S 1 N
ANTI-VDAC — ANTI-VDAG | e
. e
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Figure 3.11 Western-blot analysis of AT-3Q6DM and A-3Q6TM
mitochondrial localization. c-myctagged AT-3Q€c) and its mutants AT-3Q6DM
(@) and AT-3Q6TM (b) were expressed in COS-7 cells. Western-blots of
mitochondrial membranes and lysosomal, mitochohdaiad cytosolic soluble
fractions were probed with a polyclonal Z46 antijpoiitochondrial membranes
and mitochondrial soluble fraction controls werefpened with anti-VDAC and
anti-SOD2 antibodies.(c) COS-7 cells were transfected also with empty
pcDNA3.1/myc-Higs a control.

Western-blot analysis of AT-3Q6DM and AT-3Q6TM natmndrial
localization (Figure 3.11) shows that they localiremitochondrial
membranes and also in mitochondrial soluble fracts the wild-

type.
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3.2.4 AT-3Q6QM
3.2.4.1 CELL FRACTIONATION

COS-7 cells were cultured in 94 mm plates (6x&6lls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 and AT-3Q6 or AT-3Q6QM. 24 h afternséection
cells were harvested and cytosolic and nucleartifnas were
obtained. After SDS-PAGE and Western blot, memizanere
incubated with ante-myc mouse monoclonal antibody to visualize
AT-3 and with anti-fibrillarin and anti-PGK mouse omoclonal
antibodies as fractionation controls.

NF CF
Q6QM Q6 Q6QM Q6
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Figure 3.12 Western-blot analysis of AT-3Q6QM sub-llular localization. c-
myc tagged AT-3Q6 and its mutant AT-3Q6QM were exmdsgs COS-7 cells.
Western-blots of cytosolic and nuclear fractiongevprobed with a monoclonal
anti-<c-mycantibody. Cytosolic and nuclear fractions contnwbre performed with
anti-fibrillarin and anti-PGK antibodies.

Western-blot analysis of AT-3Q6QM sub-cellular lization (Figure
3.12) shows that it localizes in cytosol and alsmucleus as wild-
type. Moreover, the mutant is subjected to the sareeolytic
cleavage as the wild-type.

3.2.4.2 MITOCHONDRIA ISOLATION

COS-7 cells were cultured in 94 mm plates (6x&6lls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 angpcDNAS3.1/myc-HisAT-3Q6 or AT-3Q6QM. 24
h after transfection cells were harvested and rhaadrial

membranes, as well as lysosomal, mitochondrialcgtakolic soluble
fractions were obtained. After SDS-PAGE and Westdnot,

membranes were incubated with Z46 rabbit polyclanatibody to
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visualize AT-3 and with anti-VDAC and anti-SOD2 béthpolyclonal
antibodies as mitochondria isolation controls.
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Figure 3.13 Western-blot analysis of AT-3Q6QM mitohondrial localization. c-
myctagged AT-3Qfb) and its mutant AT-3Q6QMa) were expressed in COS-7
cells. Western-blots of mitochondrial membranes lgadsomal, mitochondrial and
cytosolic soluble fractions were probed with a ptipal Z46 antibody.
Mitochondrial membranes and mitochondrial solublaction controls were
performed with anti-VDAC and anti-SOD2 antibodigh) COS-7 cells were
transfected also with emppeDNAS3.1/myc-Higs a control.

Western-blot analysis of AT-3Q6QM mitochondrial ddization
(Figure 3.13) shows that it localizes in mitochaadlmembranes and
also in mitochondrial soluble fraction as the wiyge.

3.2.5 AT-3Q6S29A AND AT-3Q6S29D
3.2.5.1 CONFOCAL MICROSCOPY ANALYSIS

COS-7 cells were plated onto coverslips (2.5xddlls/coverslip) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 and AT-3Q6, AT-3Q6S29A or AT-3Q6S29%1 h

after transfection cells were doubly stained witfti-a-myc mouse
monoclonal antibody to visualize C-terminal fragnseaf AT-3 and
anti-HA rabbit polyclonal antibody to visualize Mrminal fragments
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of AT-3. After extensive washes, cells were inceldawith donkey
anti-mouse Cy3 conjugated antibody (red) and domkeirabbit Cy2
conjugated antibody (green). At the end cells wecabated with TO-
PRO-3 iodide to visualize nuclei.

myc
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Figure 3.14 Confocal microscopy analysis of AT-3Q&9A and AT-3Q6S29D
sub-cellular localization. (a)COS-7 cells were transfected with cDNAs coding for
AT-3Q6, AT-3Q6S29A or AT-3Q6S29D mutants. To invgste sub-cellular
localization of AT-3, cells were fixed in PFA andoped with mouse monoclonal
anti-<c-myc (red), rabbit monoclonal anti-HA antibodies (greemd the nuclear
marker TO-PRO-3 iodide (blue)b) Quantification analysis of AT-3 nuclear
localization. Statistical analysis was performethgi$-Student test (*p<0.05).

The confocal analysis (Figure 3.14a) shows that3®k fluorescence
was evenly distributed inside the cells. On theeothand, AT-
3Q6S29A mutant fluorescence was found to be mudcikereinside
the nucleus than in the cytoplasm. The overlay witle blue
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fluorescence emission of the nuclear marker comftrtiat wild-type
AT-3 is found also inside the nucleus, while AT-ZE28A mutant is
found predominantly in the cytosol. Quantitative algsis of
fluorescent emission allowed to assess that AT-ZQBSmutant
fluorescence in the nuclear region amounted to aB6&o of wild-
type AT-3 fluorescence in the same area (Figure4ld,1the
significance of this result is demonstrated by wajue <0.05 of AT-
3Q6S29A versus AT-3Q6 nuclear localization.

AT-30Q6S29D shows a uniform fluorescence distributinside the
cells (Figure 3.14a) as the wild-type, the overlahowing
colocalization with the nuclear marker. Quantitatifluorescence
analysis confirmed that AT-3Q6S29D fluorescencetha nuclear
region did not remarkably differ from that of wilgpe AT-3Q6
(Figure 3.14b), in fact p-value is >0.05. This desonfirms that AT-
3Q6S29A phenotype is due to lacking phosphorylasiod not to the
aminoacidic substitution.

Moreover the same percentage of cells showing dseribed AT-3
subcellular localization was found in all samplesgidered, as shown
in the last column of Figure 3.14a. Cell viabilitygssayed through
MTT test, showed a 30% reduction for AT-3Q6S29A amiit when
compared to both wild-type protein and AT-3Q6S29Dtant, the
significance of this result is demonstrated by wajue <0.05 of AT-
3Q6S29A versus AT-3Q6 cell viability.

Cells transfected with AT-3Q6 and AT-3Q6S29A welsmancubated
with anti-c-myc rabbit monoclonal antibody to visualize AT-3 and
mouse anteyt-c monoclonal antibody for mitochondria visualization
After extensive washes, cells were incubated wathkey anti-rabbit
Cy3 (red) and donkey anti-mouse Cy2 (green) antésod
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Figure 3.15 Confocal microscopy analysis of AT-3Q&9A mitochondrial
localization. COS-7 cells were transfected with cDNAs codingAdr-3Q6 or AT-
3Q6S29A mutant. To investigate mitochondrial lazation of AT-3, cells were
fixed in PFA and probed with rabbit monoclonal amtnyc (red) and mouse
monoclonal anteytocrome-@ntibodies (green).

Confocal microscopy analysis (Figure 3.15) shoves &ilr-3Q6S29A
localizes also in mitochondria as the wild-type.eTéverlays show
that AT-3 co-localizes witlsytocrome-an mitochondria.

3.2.5.2 CELL FRACTIONATION

COS-7 cells (6x10cells/plate) and SHSY-5Y cells (1<€1eells/plate)
were cultured in 94 mm plates and grown for 24tote transfection.
Cells were transfected overnight with FUGENEG6 and-396, AT-
3Q6S29A or AT-3Q6S29D (COS-7) and with FUGENEG6 Afd3Q6
or AT-3Q6S29A (SHSY-5Y). 24 h after transfectionll€ewere
harvested and cytosolic and nuclear fractions w&ined. After
SDS-PAGE and Western blot, membranes were inculvatbdantic-
myc mouse monoclonal antibody to visualize AT-3 andhwanti-
fibrillarin and anti-PGK mouse monoclonal antibcdas fractionation
and loading controls.
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Figure 3.16 Western-blot analysis of AT-3Q6S29A andAT-3Q6S29D sub-
cellular localization. c-myctagged AT-3Qfa,b) and its mutants AT-3Q6S29a)
and AT-3Q6S290(b) were expressed in COS-7 cells. Western-blots tdsojic
and nuclear fractions were probed with a monoclaméilc-mycantibody. Cytosolic
and nuclear fractions controls were performed weitti-fibrillarin and anti-PGK
antibodies.(c) Densitometric analysis performed with NIH Imagedzh software
Scion Image (Scion Corporation) on blot reporteganel a. Quantification data are
a mean of three independent experiments; bandssititss were normalized on
fibrillarin and PGK controls. *p<0.05 (t-Studenstg (d) c-myctagged AT-3Q6 and
its mutant AT-3Q6S29A were expressed in SHSY-5YIscelWestern-blots of
cytosolic and nuclear fractions were probed with@oclonal ante-mycantibody.
Cytosolic and nuclear fractions controls were penfed with anti-fibrillarin and
anti-PGK antibodies.

Western blot analysis (Figure 3.16a) shows that thend
corresponding to wild-type AT-3Q6 is found equalystributed
between the cytoplasm and the nucleus. On the amgntthe band
corresponding to AT-3Q6S29A mutant is found muds labundant

in the nuclear fraction, being about 25% of theemsity of the
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corresponding cytosolic band, as shown by denstieenanalysis
(Figure 3.16c¢); this suggests that S29 phosphaoylagromotes AT-3
nuclear uptake. The significance of this resultdamonstrated by a p-
value <0.05 of AT-3Q6S29A nuclear localization werscytosolic
localization.

Results, shown in Figure 3.16b, show that AT-3Q&S2#haves
exactly like the wild-type, being equally distriledtin the nucleus and
the cytoplasm.

In order to rule out the possibility that the obhsel phenotype of AT-
3Q6S29A mutant might be confined to COS-7 cellsmén
neuroblastoma SHSY-5Y cells were also transfectitd WT-3Q6 or
AT-3Q6S29A. Results, reported in Figure 3.16d, shio@vabsence of
AT-3Q6S29A in the nuclear fraction, in accordancé&hwwhat
observed in COS-7 cells.

3.2.5.3 MITOCHONDRIA ISOLATION

COS-7 cells were cultured in 94 mm plates (6x&6lls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 andocDNA3.1/myc-HisAT-3Q6 or AT-3Q6S29A.
24 h after transfection cells were harvested andoahondria
membranes, lysosomal, mitochondria and cytosoliché® fractions
were obtained. After SDS-PAGE and Western blot, brames were
incubated with Z46 rabbit polyclonal antibody tewalize AT-3 and
with anti-VDAC and anti-SOD2 rabbit polyclonal dmidies as
mitochondria isolation controls.
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Figure 3.17 Western-blot analysis of AT-3Q6S29A michondrial localization.
c-myctagged AT-3Qfb) and its mutant AT-3Q6S296) were expressed in COS-
7 cells. Western-blots of mitochondrial membranes, well as lysosomal,
mitochondrial and cytosolic soluble fractions wembed with a polyclonal Z46
antibody. Mitochondrial membranes and mitochondsaluble fraction controls
were performed with anti-VDAC and anti-SOD2 antilesd(b) COS-7 cells were
transfected also with emppeDNA3.1/myc-Higs a control.

Western-blot analysis of AT-3Q6S29A mitochondrialcdlization
(Figure 3.17) shows that it localizes in mitochaadmembranes and
also in mitochondrial soluble fraction as the wiyjge.

3.2.5.4 INCUBATION WITH CK2 AND GSK3 INHIIBITORS

COS-7 cells were cultured in 94 mm plates (6x&élls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 and AT-3Q6 or AT-3Q6S29D. To inhibiKE and
GSK3, COS-7 cells were incubated for 24 h with ezits or 10uM
CK2 inhibitor (TBB) and/or with 1uM GSK3 inhibitor (SB). 24 h
after transfection cells were harvested and cyiosahd nuclear
fractions were obtained. After SDS-PAGE and Westdint,
membranes were incubated with amiyc mouse monoclonal
antibody to visualize AT-3 and with anti-fibrillariand anti-PGK
mouse monoclonal antibodies as fractionation aaditgy controls.

80



3. Results

) NF CF ) NF CF
$290 Qs $290 Qs 5290 Qs $290 Qs
T88 TBB 188 TBB 88 TBB TEB  TEB $8 S8 s8 S8
10 SpM  10uM  SpM OMSO jouM  suM topM  suM OMSO 10 uM 10pM DMsO 10 M 10 M DMEQ)
< R
O e MR e W W - e -
ANTIFIBRILLARN - . - _— —
ANTLPGK - - - - — ——
3 Densitometric analysis
C) 1€ NF CF d) 25
S29D Q8 Qs S0 Q6 Q6 SHD Q6 Q6 &
SB+TBB SB+TBB DMSO SB+TBB SB+TBB DMSO SB+TBB SB+TB8 DMSO £ 2
5
&
. - — - B B £
£ *
£
ANTIFIBRILLARIN % S = w --- % *
£
=05
e TR T C——— ﬁ

o

NF $290 NF Q6 NF Q6 DMSO CF S29D0 CFQ6 CFQ6DMSO
SB+TBB  SB+TBB SB+TBB  SB+TBB

Figure 3.18 Western-blot analysis of COS-7 cellseated with kinase inhibitors.
(a) c-myctagged full-length AT-3Q6 and its mutant AT-3Q682&ere expressed
in COS-7 cells treated with TBB 5 or 1 (CK2 inhibitor) or with DMSO, as a
control. (b) c-myc tagged full-length AT-3Q6 and its mutant AT-3Q682%ere
expressed in COS-7 cells treated with SB 216768VIL0GSK3 inhibitor) or with
DMSO, as a control(c) c-myc tagged full-length AT-3Q6 and its mutant AT-
3Q6S29D were expressed in COS-7 cells treated hdgth TBB 1M (CK2
inhibitor) and SB 216763 1 (GSK3 inhibitor) or with DMSO, as a contrgH)
Densitometric analysis performed with NIH Imagedshsoftware Scion Image
(Scion Corporation) on blot reported in panel cafitification data are a mean of
three independent experiments; bands intensities mermalized on fibrillarin and
PGK controls. *p<0.05 (t-Student test(a,b,c,) Western-blots of total extracts,
cytosolic fraction and nuclear fraction were prolwith a monoclonal ant-myc
antibody. Cytosolic and nuclear fractions contrelsre performed with anti-
fibrillarin and anti-PGK antibodies.

When the culture medium was supplemented with TBBe as
shown in Figure 3.18a, both wild-type AT-3Q6 and-306S29D
mutant were found evenly distributed between th®syl and the
nucleus, suggesting that TBB could not prevent f&8sphorylation
even at 1QuM concentration. The same happened when only GSK3
inhibitor SB216763 was administered at @M concentration, as
shown in Figure 3.18b.

However, when both inhibitors were added to culmeglium, nuclear
translocation of wild-type AT-3Q6 appeared to bedueed, a
behaviour closely mirroring that of AT-3Q6S29A mmita(Figure
3.18c); on the contrary, AT-3Q6S29D mutant appeated be
uniformily distributed between nucleus and cytosatiensities of AT-
3 bands in total extracts were found to be simsdQwing that the
mutation did not affect AT-3 expression levels. 3dedata were
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confirmed by densitometric analysis, reported irguFe 3.18d,
showing that, when both inhibitors were adminisderabout 50% of
the intensity of the corresponding cytosolic barfidvidd-type AT-3
was found inside the nucleus, while AT-3Q6S29D mutesas found
to be equally distributed between the two celldampartments. The
significance of this results is demonstrated by\alpe <0.05 of AT-
3Q6 nuclear localization versus cytosolic local@atin the presence
of both inhibitors.

3.2.5.5 MASS SPECTROMETRY ANALYSIS

COS-7 cells overexpressing AT-3Q6 were collected R4after
transfection; the recombinant protein was immunoiprated from
crude extracts with anti-AT-3Q6 polyclonal Z46 @&oily and
subsequently loaded onto SDS-PAGE. Bands were teetébrough
acid silver staining and subjected o situ digestion with GluC
endoproteinase.

Table 3.5 AT-3 is phosphorylated on Ser29 in transtted cellsCell homogenate
was separated by SDS-PAGE and AT-3Q6 was subjeotedduction, alkylation
andin situ digestion with GluC endoproteinase (1:10 enzynoégim, w/w). Upon
peptide extraction with 40% GBN in 0.1% TFA, the peptide mixture was
analyzed by mass spectrometry.

ATX3 Peptide Species Predicted mass Identified mass
Wwild  “'YFSPVE' P-Ser +B0 B2134 821598
type .
*'YFSPVELSSIAHQLDEEE® P-Ser +80 217297 217302

Mass spectrometry analysis of the protein expressenlansfected
cells (Table 3.5) unequivocally confirms that ATQis
phosphorylated at S29, since it is possible toatiggeosphopeptides
containing S29 upon fingerprint mass analysis (phopeptide
2’YESPVE®, calculated monoisotopic mass 821.34, experimental
mass 821.98, and phosphopeptitl?y FSPVELSSIAHQLDEEE?,
calculated monoisotopic mass 2172.97, experimemask 2173.02).
Mass spectrometry analysis, performed on acid rsibtained gels
after AT-3Q6 immunoprecipitation from COS-7 cellsitared in the
presence of both TBB and SB216763, allows to deiabt peptides
containing unmodified S29 showing that this residige not
phosphorylated when both CK2 and GSK3 inhibitoesfaesent.

82



3. Results
3.2.6 AT-3Q6M

3.2.6.1 CELL FRACTIONATION

COS-7 cells were cultured in 94 mm plates (6x&élls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 and AT-3Q6, AT-3Q6S29A or AT-3Q6M. Bdafter
transfection cells were harvested and cytosolic muntlear fractions
were obtained. After SDS-PAGE and Western blot, brames were
incubated with ante-myc mouse monoclonal antibody to visualize
AT-3 and with anti-fibrillarin and anti-PGK mouse omoclonal
antibodies as fractionation and loading controls.
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Figure 3.19 Western-blot analysis of AT-3Q6M sub-dklar localization. (a) c-
myctagged AT-3Q6 and its mutants AT-3Q6S29A or AT-BDGere expressed in
COS-7 cells. Western-blots of cytosolic and nucleactions were probed with a
monoclonal ante-myc antibody. Cytosolic and nuclear fractions contralere
performed with anti-fibrillarin and anti-PGK antithes. (b) Densitometric analysis
performed with NIH Image-based software Scion Imggon Corporation) on blot
reported in panel a. Quantification data are a meénthree independent
experiments; bands intensities were normalizedtwiilérin and PGK controls.
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Mueller and colleagues (Muellet al, 2009) demonstrated that S329
and S341 control nuclear uptake of AT-3.

Western-blot analysis of AT-3Q6M sub-cellular lazation (Figure
3.19a) shows that it has a lower localization ioleus than wild-type,
showing the same localization of AT-3Q6S29A. Thekiag of S329
and S341 does not increment S29A phenotypeis result was
confirmed by densitometric analysis (Figure 3.18igt showed for
both mutants, AT-3Q6S29A and AT-3Q6M, a band intgns the
nuclear fraction that is 30% of the band intensitythe cytosolic
fraction, while AT-3Q6 showed the same band intgngn both
fractions.

3.2.7 AT-3Q72S29A
3.2.7.1 CONFOCAL MICROSCOPY ANALYSIS

COS-7 cells were plated onto coverslips (2.5xddlls/coverslip) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with  FUGENE6 and AT-3Q72 or AT-3Q72S29A. 24 h after
transfection cells were doubly stained with antiyc mouse
monoclonal antibody to visualize C-terminal fragnseaf AT-3 and
anti-HA rabbit polyclonal antibody to visualize Mrminal fragments
of AT-3. After extensive washes, cells were inceldawith donkey
anti-mouse Cy3 conjugated antibody (red) and domkdirabbit Cy2
conjugated antibody (green).

HA myc overlay

Q72S29A

Q72

Figure 3.20 Confocal microscopy analysis of AT-3QB29A sub-cellular
localization. COS-7 cells were transfected with cDNAs codingAdr3Q72 or AT-
3Q72S29A mutant. To investigate sub-cellular lazdlon of AT-3, cells were fixed
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in PFA and probed with mouse monoclonal aativyc(red) and rabbit monoclonal
anti-HA antibodies (green).

The confocal analysis (Figure 3.20) shows that AJF3S29A
localizes in the cytoplasm as well as in the nuglshowing the same
localization of AT-3Q72. The overlays show that édrinal and C-
terminal fragments co-localize.

Cells were also incubated with antimycrabbit monoclonal antibody
to visualize AT-3 and mouse amy-c monoclonal antibody for
mitochondria visualization. After extensive washells were

incubated with donkey anti-rabbit Cy3 (red) and ldgnanti-mouse
Cy2 (green) antibodies.

cytC myc overlay

Q72S29A

Q72 B8

Figure 3.21 Confocal microscopy analysis of AT-3QB29A mitochondrial
localization. COS-7 cells were transfected with cDNAs codingAdr3Q72 or AT-
3Q72S29A mutant. To investigate mitochondrial lzxzlon of AT-3, cells were
fixed in PFA and probed with rabbit monoclonal amtnyc (red) and mouse
monoclonal anteytocrome-@ntibodies (green).

Confocal microscopy analysis (Figure 3.21) showsat thAT-
3Q72S29A localizes also in mitochondria as AT-3QVRe overlays
show that AT-3 co-localizes wittytocrome-dn mitochondria.

3.2.7.2 CELL FRACTIONATION

COS-7 cells were cultured in 94 mm plates (6xtélls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
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with FUGENE6 angppcDNAS.1/myc-HisAT-3Q72 or AT-3Q72S29A.
15 h, 24 h or 48 h after transfection cells wenevésted and cytosolic
and nuclear fractions were obtained. After SDS-PA#iE Western
blot, membranes were incubated with amtRyc mouse monoclonal
antibody to visualize AT-3 and with anti-vinculianti-fibrillarin and
anti-PGK mouse monoclonal antibodies as fractiomatind loading
controls.
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Figure 3.22 Western-blot analysis of AT-3Q72S29A becellular localization. c-
myctagged AT-3Q72 and its mutant AT-3Q72S29A wereresged in COS-7 cells.
Western-blots of cytosolic and nuclear fractionds(a), 24 (b) or 48 h(c) post-
transfection, were probed with a monoclonal antiyc antibody. Cytosolic and
nuclear fractions controls were performed with <ibtillarin and anti-PGK
antibodies, while loading control was performedhwénti-vinculin antibody.(c)
COS-7 cells were transfected also with engatpNA3.1/myc-Hiss a control.

Western-blot analysis of AT-3Q72S29A sub-cellularcdlization
(Figure 3.22) shows that it localizes in cytosotl afso in nucleus as
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AT-3Q72, at all post-transfection times. The mutardgubjected to the
same proteolytic cleavage and aggregation of AT2BQ7

3.2.7.3 MITOCHONDRIA ISOLATION

COS-7 cells were cultured in 94 mm plates (6x&6lls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with  FUGENE6 and AT-3Q72 or AT-3Q72S29A. 24 h after
transfection cells were harvested and mitochondnambranes, as
well as lysosomal, mitochondrial and cytosolic $tdufractions were
obtained. After SDS-PAGE and Western blot, memisanere
incubated with Z46 rabbit polyclonal antibody tewalize AT-3 and
with anti-VDAC and anti-SOD2 rabbit polyclonal dmtdies as
mitochondria isolation controls.
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Figure 3.23 Western-blot analysis of AT-3Q72S29A rrachondrial localization.
c-myctagged AT-3Q72 and its mutant AT-3Q72S29A wereresged in COS-7
cells. Western-blots of mitochondrial membranes lgadsomal, mitochondrial and
cytosolic soluble fractions were probed with a ptipal Z46 antibody.
Mitochondrial membranes and mitochondrial solublaction controls were
performed with anti-VDAC and anti-SOD2 antibodies.

Western-blot analysis of AT-3Q72S29A mitochondratalization

(Figure 3.23) shows that it localizes in mitochaadmembranes and
also in mitochondrial soluble fraction as AT-3Q72.
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3.3 INTERACTION BETWEEN AT-3 AND VCP/p97
3.3.1 CONSTRUCTS

cDNA encoding for murine ataxin-3 (AT-3Q6), clonedo plasmid
pcDNA3X(+HA) carries only N-terminal HA epitope.

AT-3Q6TM mutant was subcloned from plasnudDNA3.1/myc-His
into plasmid pcDNA3X(+HA) so it carries only N-terminal HA
epitope.

AT-3Q6QM (S268A, T271A, S272A, S273A and S277A) was
obtained by PCR substituting serines and threonittealanines.
cDNA encoding for human AT-3Q72, cloned into plagmi
pcDNA3.1/myc-Hiscarries N-terminal HA epitope and C-termiial
mycepitope.

cDNA encoding for VCP/p97 was subcloned from plaskpCMV-
Sport6cecdBinto plasmid pcDNA3.1/myc-Hisso it carries only C-
terminalc-mycepitope.

All constructs were hosted and amplifieddncoli strain DH%:, while
protein expression was achieved after transientrastsfection of
COS-7 cells. Cultures were carried out in 94 mntgslan DMEM
containing 10% fetal bovine serum (FBS), 100 U/mhigillin, 100
ug/ml streptomycin and 4 mM glutamine. Cells werdsaguently
transiently co-transfected with FUGENESG.

3.3.2 IMMUNOPRECIPITATION

COS-7 cells were cultured in 94 mm plates (6x&6lls/plate) and
grown for 24 h before co-transfection. Cells weretm@nsfected
overnight with FUGENE6 and VCP/p97 and AT-3Q6, AQ&IM,
AT-3Q6QM or pcDNA3X(+HA) 24 h after transfection cells were
harvested and total extracts were obtained. Then3Awas
immunoprecipitated with Z46 rabbit polyclonal awiily. After SDS-
PAGE and Western blot, membranes were incubatdd amti-c-myc
mouse monoclonal antibody to visualize VCP/p97 waitth anti-HA
mouse monoclonal antibody to visualize AT-3.
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Figure 3.24 Western-blot analysis of AT-3Q6 immunogecipitation. HA tagged
AT-3Q6, its mutants AT-3Q6TMa) or AT-3Q6QM (b), or pcDNA3X(+HA)(c),
and c-myc tagged VCP/p97 were expressed in COS-7 cells. aifestots of
immunoprecipitated, not bound and total extracttioms were probed with a
monoclonal ante-mycantibody and a monoclonal anti-HA antibody.

Western blot analysis of AT-3 immunoprecipitatioRigure 3.24)
shows that AT-3Q6TM and AT-3Q6QM interact with V@P7 as
wild-type, suggesting that these phosphorylativessare not involved
in this interaction.

COS-7 cells were cultured in 94 mm plates (6x&élls/plate) and
grown for 24 h before co-transfection. Cells weretm@nsfected
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overnight with FUGENEG6 and VCP/p97 and AT-3Q6, AQP&I'M or

AT-3Q60QM. 24 h after transfection cells were tréateith 10 mM

DTT for 1 hour to induce an ERAD stress conditidren cells were
harvested and total extracts were obtained. Then3AWwas
immunoprecipitated with Z46 rabbit polyclonal awtily. After SDS-
PAGE and Western blot, membranes were incubatdd amti-c-myc

mouse monoclonal antibody to visualize VCP/p97 waitth anti-HA

mouse monoclonal antibody to visualize AT-3.
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Figure 3.25 Western-blot analysis of AT-3Q6 immunogecipitation after DTT
treatment. HA tagged AT-3Q6 and its mutants AT-3Q6TM or AT@QM, andc-
myc tagged VCP/p97 were expressed in COS-7 cells. affesiots of
immunoprecipitated, not bound and total extractctioms were probed with a
monoclonal ante-mycantibody and a monoclonal anti-HA antibody.

Western blot analysis of AT-3 immunoprecipitatioftea DTT
treatment (Figure 3.25) shows that AT-3Q6TM and FQeQM
interact with VCP/p97 as the wild-type, also undeess condition.
Nevertheless AT-3, in the presence of ERAD stréss a lower
interaction with VCP than in normal condition. lact the ratio
between the intensity of VCP band and AT-3Q6 baxdained with
NIH Image-based software Scion Image (Scion Cotmora shows a
decrease of 50% after DTT treatment (p-value<0.05).

3.3.4 AT-3Q72 AND DTT TREATMENT

COS-7 cells were cultured in 94 mm plates (6x&6lis/plate) and
grown for 24 h before co-transfection. Cells weretm@nsfected
overnight with FuGENE6 and VCP/p97 and AT-3Q72 or
pcDNA3.1/myc-His24 h after transfection cells were treated or not
with 10 mM DTT for 1 hour to induce an ERAD stressdition, then
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cells were harvested and total extracts were obflailAT-3 was
subsequently immunoprecipitated with Z46 rabbit yplonal
antibody. After SDS-PAGE and Western blot, membsaneere
incubated with ante-myc mouse monoclonal antibody to visualize
VCP/p97 and AT-3Q72.
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Figure 3.26 Western-blot analysis of AT-3Q72 immungrecipitation with or
without DTT treatment. c-myctagged AT-3Q7Za) or pcDNA3.1/myc-Hi¢c) and
c-myc tagged VCP/p97 were expressed in COS-7 cells. affeslots of
immunoprecipitated, not bound and total extracttioms were probed with a
monoclonal ante-myc antibody. (b) AT3-Q72 was visualized also with an
incremented exposition.

Western blot analysis of AT-3Q72 immunoprecipitatiovith or
without DTT treatment (Figure 3.26) shows that timeraction
between AT-3Q72 and VCP/p97 does not change unttesss
condition. Nevertheless AT-3Q72 has a strongeracte®n with VCP
than AT-3Q6, as demonstrated by Zhong and cowollgdrsng X.et
al., 2006). In fact the ratio between the intensit&fP band and AT-
3Q72 band, obtained with NIH Image-based softwarerSimage
(Scion Corporation), is twice as high as the rbgtween the intensity
of VCP band and AT-3Q6 band (Figure 3.24) (p-valués).
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3.4 NITRATION AND AT-3
3.4.1 CONSTRUCTS

cDNAs encoding for murine ataxin-3 (AT-3Q6) and lamm
pathological ataxin-3 (AT-3Q72) were subcloned frgmasmid

pPcDNA3X(+HA) into plasmid pcDNA3.1/myc-His they carry N-
terminal HA and C-terminal-mycepitopes.

All constructs were hosted and amplifieddncoli strain DH, while

protein expression was achieved after transienhsteation of
Neuro2a cells. Cultures were carried out in 94 niates in DMEM

containing 10% fetal bovine serum (FBS), 100 U/mhipillin, 100

ug/ml streptomycin and 4 mM glutamine. Cells werdsaguently
transiently transfected with FUGENEG.

3.4.2 NOS EXPRESSION

Neuro2a cells were cultured in 94 mm plates (£xddlls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 and AT-3Q6 or AT-3Q72. 24 h after sfaction cells
were harvested and total extracts were obtainger SDS-PAGE and
Western blot, membranes were incubated with @nmtlyc mouse
monoclonal antibody to visualize AT-3, with anti-SOrabbit
polyclonal antibody to visualize NOS and with awiticulin mouse
monoclonal antibody as loading control.
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Figure 3.27 Western-blot analysis of NOS expression-myctagged AT-3Q6 and
AT-3Q72 were expressed in Neuro2a cells. Westestshbf total extracts were
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probed with a monoclonal argimyc antibody to visualize AT-3(a), with a
polyclonal anti-NOS antibody to visulize NOS andhné monoclonal anti-vinculin
antibody as loading contrdb). (c) Densitometric analysis performed with NIH
Image-based software Scion Image (Scion Corporatinrblot reported in panel b.
Quantification data are a mean of three indepenepériments; bands intensities
were normalized on vinculin control.

Western blot analysis of NOS expression in Neuroélis transfected
with AT-3Q6 or AT-3Q72 (Figure 3.27) shows thatlw presence of
pathological form of AT-3 there is an increase I@$8I expression.
This result was confirmed by densitometric analy§igure 3.27¢)
that shows for NOS in presence of AT-3Q72 a bamnensity that is
four time as high as band intensity of NOS in pneseof AT-3Q6 (p-
value<0.05).

3.4.3 NITRATION PATTERN

Neuro2a cells were cultured in 94 mm plates (£xddlls/plate) and
grown for 24 h before transfection. Cells were ¢fanted overnight
with FUGENEG6 and AT-3Q6 or AT-3Q72. 24 h after sfaction cells
were harvested and total extracts were obtaineter A-D or SDS-
PAGE and Western blot, membranes were incubatett wiiti-
nitrotyrosine rabbit polyclonal antibody to visuadinitrated proteins.

a) b)
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Figure 3.28 Western-blot analysis of nitration patern. c-myctagged AT-3Qa)

and AT-3Q72(b) were expressed in Neuro2a cells. Western-blotstaf extracts
were probed with a polyclonal anti-nitrotyrosinetibody to visualize nitrated
proteins. Densitometric analysis was performed w@luantity-one Analysis
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software and profiles were obtained through theampater Trace quantity (the
quantity of a band as measured by the area urgdiaténsity profile curve).

Western blot analysis of nitration pattern in N&acaells transfected
with AT-3Q6 or AT-3Q72 (Figure 3.28) shows thathe presence of
the pathological form of AT-3 there is a remarkatlerall increase in
protein nitration. This result was confirmed by siéometric analysis
performed with Quantity-one Analysis software; iactf nitration
profiles obtained show increase in protein nitratio

a) b)
3 pl 10

3
P
> N

N

Figure 3.29 2-D analysis of nitration pattern.c-myctagged AT-3Q&@a, b) and
AT-3Q72 (c, d) were expressed in Neuro2a cells. Western-blototal extracts
subjected to 2-D electrophoresis were probed witholgclonal anti-nitrotyrosine
antibody to visualize nitrated proteir(y, d) Nitrated proteins were visualized also
with an incremented exposition.

2-D analysis of nitration pattern in Neuro2a céigssfected with AT-
3Q6 or AT-3Q72 (Figure 3.29) shows that in the eneg of
pathological AT-3 there is a remarkable increasprotein nitration,
both as nitration level and as number of nitratemtgns. These data
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therefore suggest that pathological AT-3 can indacévation of
nitrosative stress.
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DISCUSSION

Phosphorylation is well known to play a role in amber of
neurodegenerative diseases, notably in amyloid sfidermation.
Nonaka and coworkers (Nonaka @t. al, 2005) have shown that

synuclein is phosphorylated on Ser 129 and that ihicrucial in
mediating both protein neurotoxicity and inclusidasmation; other
authors have shown that hungtintin is phosphorglaieCdk5 (Luo S.
et al, 2005). Phosphorylation has also been reportegproatect
presenilin-2 from caspase cleavage (Waltezt.hl, 1999). Amongst
ataxias, SCAl14 is caused by mutations on residubghware
normally phosphorylated: unphosphorylated proteitts not fold

correctly and aggregate (Seki €t al, 2005); AT-1, the protein
responsible for Scal has been demonstrated to dspbbrylated by
Akt at S776; this phosphorylation creates a binditg for 14-3-3,
increasing AT-1 stabilization and accumulation dmeshce leading to
pathogenesis (Chen H. Kt al, 2003; Emamian E. $t al, 2003).

Amongst the kinases involved in neurodegeneratigeages, CK2
and GSK3 are patrticularly interesting. In neuracells there appears
to be a myriad of CK2 substrates that have cleafi@ations in neural
development, neuritogenesis, synaptic transmissiod plasticity
(Chen L.et al, 2005). On the other hand, of the two isoforms of
GSKS3 which are found in mammals, G§K&8nd GSKa (Woodgett J.
R., 1990), GSKB is particularly abundant in the central nervous
system (Kaytor M. Det al, 2002) and has been found to be involved
in Alzheimer disease pathogenesis (Lucaset dl, 2001).

Some authors already addressed the issue of ATe3ppbrylation
(Tait D.etal, 1998; Tao R. St al, 2008; Mueller Tet al, 2009; Fei
E. et al, 2007), however, their studies were conductechipndinrough
pull-down assays and co-immunoprecipitations. Iis twork, we
investigated for the first time the role of AT-3 gpborylation
through a proteomic approach.

Amongst the different putative phosphorylation emis sites which
are found along AT-3 sequence, we found that S2@, anly
phosphorylatable site within the Josephin domairgn cbe
phosphorylatedn vitro by both CK2 and GSK3. Phosphorylation on
S29 was subsequently confirmed in transfected COE&ells
overexpressing AT-3Q6 and was found to be preverigdthe
addition of CK2 and GSK3 inhibitors.
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Moreover, our data confirmed CK2 phosphorylationCaterminal
sites already described by other authors, such329 @and S341,
corresponding to S340 and S352 respectively in inuAia3 (Mueller
T. et al, 2009) and at new C-terminal sites: T271, S2727Sand
S344. Our data also confirmed GSK3 phosphorylasibC-terminal
sites already described by Villén and coworkerghsas S268 and
S273 (Villen J.et al, 2007). It is worth mentioning that Serine29 is
recognized, by prediction methods, as part of asensus sequence
for both CK2 and GSK3, although the presence ofodine nearby is
known to prevent phosphorylation by CK2 in sometanses;
experimental data allowed to confirm this prediction

Our decision to focus, in particular, on S29 phasplation is
motivated by the fact that this residue is highlgngerved in
vertebrates; moreover, it is the only putativelyogbhorylated site
within the Josephin domain and, according to theR\Ntetermined
structure (Nicastro Get al, 2005) is fully exposed to the solvent and
presumably easily accessible. On the other handjisdveot focus on
all consensus sites located in the C-terminal donsance they appear
to be less conserved and had already been stugliethér authors.

In order to assess whether phosphorylation coulula¢e AT-3
subcellular localization, we substituted S29, SZBB[1, S272, S273
and S277 with alanines, through site-directed neriagis. Results
showed that mutation to alanine does not changechuindria
localization for all mutants, but strongly reduaaatclear uptake only
for S29. The fact that, upon substituting S29 waithaspartic acid, the
wild-type phenotype is restored shows that the ¢t of nuclear
uptake is due to the lack of the negative phosptiaéege and not to
the aminoacid substitution. The site of proteolytieavage seems to
be unaffected by the lack of phosphorylation; hosve829A mutant
seems to be cleaved at S29 to a higher extenthibidmwild-type and
S29D mutant, suggesting that phosphorylation & tével might
hamper proteolytic cleavage; the double band whghseen in
correspondence of S29A 42 kDa fragment is alsoeptas wild-type
AT-3 and is probably an artifact. More work will beecessary to
elucidate the nature and role of the so far unknpvatease involved
in the cleavage.

Mass spectrometry analysis also showed beyond anlgtdhat AT-3
is phosphorylated in transfected cells and thisngfly suggests that
phosphorylation takes place alsovivo. Moreover, the fact that CK2
and GSK3 concur in phosphorylating S29 points ®ithportance of
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AT-3 nuclear translocation. Results obtained witbthbinhibitors
suggest that no other kinases are involved inpitosess.

All our experiments have been performed on muriffie3A carrying
only six glutamines and sharing a high similaritghanormal human
AT-3; as stated before (Pozzi @t al, 2008), the choice of this
protein is justified by the effort to avoid aggreg&rmation, which
can be artificially induced by the unnatural raisingconcentration
which takes place inside transfected cells, sinoe @ggregation
process follows a second order kinetic (Shehe€gal, 2003). The
presence of only six glutamines in murine AT-3, emkhe event
rather unlikely. Moreover we already showed thatmho AT-3Q26
behaves exactly like murine AT-3Q6 when expressddva levels in
transfected cells, as regards subcellular sorting @roteolytic
fragmentation (Pozzi Gt al, 2008).

Our data show a strong reduction in nuclear uptakbich is
nevertheless not completely abolished. The pogyiltiat this event
is controlled by more than one factor is very §kdh a recent paper,
Mueller and coworkers identified CK2 phosphorylatamm S340 and
S352, two residues which are found downstream df-Qo as
essential for nuclear translocation (Muelleret .al, 2009); although,
as mentioned above, we did not focus on phosphawylat these
residues, our data are definitely not in contrash whose of Mueller
and coworkers. Since S340 and S352 are both fouside UIM3,
whose presence in AT-3 structure depends on atteenaplicing,
phosphorylation at S29 may well be an additionatda promoting
nuclear uptake, a process which seems essentiallt& function. In
addition, AT-3 nuclear uptake does not seem to bmptetely
suppressed in Mueller and coworkers experimentse(luT. et al,
2009), neither upon S340/S352 mutagenesis to &anor upon
addition of CK2 inhibitors. Last but not least, flaet that when S29 is
substituted with an alanine, a 30% decrease in wability is
observed, suggests that nuclear uptake is an iangptocess for AT-
3 functionality, possibly in relation to its funoti as a transcriptional
repressor (Li Fet al, 2002; Evert B. Oet al, 2006), and is finely
controlled by more than one factor. In contrast Moeller and
coworkers, a recent paper (Reina Cefal, 2010) showed that CK2
inhibitors are not effective in preventing AT-3 ihear localization
upon heat-shock; this is well in accordance withaata showing that
only simultaneous inhibition of both CK2 and GSK&h@revent AT-
3 nuclear uptake. These authors also showed thal,Sghich is
found inside a Polo-like kinase phosphorylatiore,sis involved in
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AT-3 nuclear uptake following heat-shock; we prapadat this
residue be involved in nuclear uptake promoted bwt{shock or
oxidative stress, while phosphorylation at S29,684d S352 could
regulate normal AT-3 trafficking between the nucleaisd the
cytoplasm. This is strongly supported by the fduwt,t in Reina and
coworkers experiments, S111 mutation to alanineredses AT-3
nuclear localization but does not suppress it.
To assess whether the combination of S29A with Musl mutants
could suppress AT-3 nuclear uptake, we obtained386M mutant
by substituting S29, S329 and S341 with alaninesr @ata
demonstrated that the removal of phosphorylatalB29Sand S341
residues does not increase S29A phenotype, supmessiclear
localization.
Whether a putative NLS, which is found in AT-3 pairp sequence, is
essential for AT-3 nuclear translocation is stidintroversial: in a
previous work (Pozzi Cet al, 2008) we showed that a truncated
mutant lacking this sequence was only slightly legfciently
translocated into the nucleus; Mueller and cowakas well as Reina
and co-authors, recently confirmed that NLS mutatias no effect on
AT-3 subcellular distribution. On the other handhest authors
(Macedo-Ribeiro Set al, 2009) showed, through a yeast nuclear
import assay, that AT-3 NLS is functional and essérior nuclear
uptake.
Nuclear translocation of AT-3 is also of the utmasportance for
SCA3 pathogenesis, since amyloid aggregates aned f@uimarily
inside the nucleus. Although a growing amount ahdsuggest that
mitochondrial damage is also involved in SCA3 pgteesis (Tsai H.
F. et al, 2004; Chou A. Het al, 2006; Yu Y. C.et al, 2009), the
presence of nuclear aggregates is a hallmark of yman
neurodegenerative diseases and impairment of nutle&tions is
very likely to induce cell death. To assess wheth2® was also
involved in nuclear uptake of AT-3 pathological forwe mutated
AT-3Q72 S29 to alanine. Our data demonstrate tietiutation does
not change AT-3Q72 nuclear localization. The dels@gn caused by
the expansion of poly-Q probably compensates ferémoval of the
phosphorylation site; in fact it has been demotestiahat AT-3
associates with the nuclear matrix undergoing afacamational
change that causes the poly-Q tract to be expdekt M. Ket al,
1999), a modification that could lead to aberraw mnteractions both
with the nuclear matrix and with other nuclear pnas in the case of
an expanded poly-Q.
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VCP/p97 is a key protein essential for the extoactof substrates
from the endoplasmic reticulum (ER) to the cytasoER-associated
degradation (ERAD), a quality control system in tkecretory
pathway responsible for degrading misfolded pratdihong X.et
al., 2006). Recent studies revealed that VCP may we&vad in the
pathogenesis of protein misfolding diseases (BaekldA. et al,
2006). It colocalizes with abnormal inclusion badieontaining
insoluble protein aggregates, which are charatiefesatures of many
neurodegenerative diseases, including Alzheimé&t&kinson’s, and
Huntington'’s disease.

Zhong and coworkers described the interaction betwAT-3 and
VCP which seems to decrease the binding of therlatith its normal
partner Ufd1l and with polyubiquitin chains resudtim a decreased
degradation of ERAD substrates. The authors sugtest AT-3
would regulate flow through the ERAD pathway byustiing the rate
of extraction of ERAD substrates and that this tagon is dependent
on the poly-Q tract, so that a pathologic AT-3 wvebwaberrantly
interact with VCP leading to a deregulation of ERABtaxin-3
interacts with VCP/p97 in a region (aa 257-291plazed between the
second ubiquitin interacting mo(iluIM) and the poly-Q (Zhong Xet
al., 2006).

We identified five phosphorylation sites in thigyien of interaction
between VCP/p97 and AT-3, three for CK2 (T271, Sand S277)
and two for GSK3 (S268 and S273).

To understand if the interaction between ataxinn8 &CP/p97 is
regulated by these phosphorylation sites, we dfluthe interaction
between VCP/p97 and AT-3Q6 or its mutant lackingeseh
phosphorylation sites (AT-3TM and AT-3QM).

We co-transfected VCP/p97 and AT-3 in COS7 cellsd an
subsequently immunoprecipitated AT-3, observing pinesence of
VCP/p97. We detected no difference in mutants’igbto interact
with VCP/p97: they showed the same phenotype awiltieype.

Then we treated transfected cells with DTT to irelaa ER stress in
order to study the role of the phosphorylationssitethe interaction
between VCP/p97 and its substrates. Also in thiaditon we
detected no difference between AT-3Q6 and ntsitants; the
interaction between AT-3 and VCP/p97 is probably so finely
regulated through phosphorylation, but it dependsther aminoacids
in the involved region.

Nevertheless, in the presence of ERAD stress, Ahdved a lower
interaction with VCP than in normal conditions. fact the ratio
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between the intensity of VCP band and AT-3Q6 bamd i
immunoprecipitated samples, obtained with NIH Imagsed
software Scion Image (Scion Corporation), showesD% decrease
after DTT treatment (p-value<0.05).

Therefore when ER is under stress condition VCP/p@%t increase
its interaction withits normal partner Ufdl and with polyubiquitin
chains to degrade ERAD substrates; consequently/pMCZPmust
decrease its interaction with AT-3.

We also studied the interaction between VCP/p97AN@Q72 with
or without ER stress conditions and we showed thate is no
variation in the interaction between AT-3Q72 and /7 under
stress conditions. Nevertheless AT-3Q72 has a g#romteraction
with VCP than AT-3Q6, as demonstrated by Zhong emdorkers
(Zhong X.etal., 2006). In fact the ratio between the intensity}/aP
band and AT-3Q72 band in immunoprecipitated sampisained
with NIH Image-based software Scion Image (SciompGration), is
twice as high as the ratio between the intensity©P band and AT-
3Q6 band (p-value<0.05).

Therefore AT-3 pathological form interacts aberkamtith VCP/p97
also in ER stress conditions, leading to a der¢igulaaf ERAD.

The phosphorylation sites for CK2 and GSK3 at thei@inal of
AT-3, identified in our laboratory, are not invoty@either in protein
sub-cellular localization nor in the interactiontvivCP/p97, their
role being still unknown. These sites have not beech conserved
during evolution, but they are easily accessibiefact they are in the
unstructured region of AT-3 and they are phosplabegin vitro as
dimonstrated by mass spectrometry analysis. Prgliabke sites are
involved in other functions of ataxin-3, such asabaic activity or
interaction with transcription factors CBP and p3bG0t other studies
are necessary to understand the role of thes@figsphorylation sites
in ataxin-3 physiology.

Overproduction of reactive nitrogen species (RN®H aeactive
oxygen species (ROS), which leads to neuronalicjeity and death,
is a potential mediator of neurodegenerative dmsardincluding:
Parkinson’s disease, Alzheimer's disease, amyoitoplateral
sclerosis and polyglutamine diseases such as Hytatiis disease
(Nakamura T. and Lipton S.A., 2007).

An important feature of most neurodegenerative adise is the
accumulation of misfolded and/or aggregated pretelihese protein
aggregates can be cytosolic, nuclear, or extrdaellimportantly,
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protein aggregation can result from either a motatn the disease-
related gene encoding the protein, or post-traosiak changes to the
protein engendered by nitrosative/oxidative sti@éskamura T. and
Lipton S.A., 2007).

In particular the role of nitrosative/oxidative es in Parkinson’s
disease is well known, in fact nitrosative and akixk stress are
potential causal factors for protein accumulatiantie much more
common sporadic form of PD. Nitrosative/oxidativeess, commonly
found during normal aging, can mimic rare genetauses of
disorders, such as PD, by promoting protein migfigidn the absence
of a genetic mutation. For example, S-nitrosylatiand further
oxidation of parkin or Uch-L1 result in dysfunctiof these enzymes
and thus of the UPS (ubiquitin-proteasome system).

For Spinocerebellar Ataxia Type 3, Yu and coworkaesonstrated
that polyglutamine-expandeataxin-3 may influence the activity of
enzymatic components to remove, Gnd HO, efficiently and
promote mitochondrial DNA damage or depletion, Wwhieads to
dysfunction of mitochondria. In fact they showedttin the presence
of the pathological form of ataxin-3 a lower adtyviof catalase,
glutathione reductase, and superoxide dismutasee vwatected
compared to the wild-type. Therefore, they suggést the cell
damage caused by greater oxidative stress in SQA8ncells plays
an important role, at least in part, in the disgasgression (Yu Y. C.
et al, 2009)

To understand the role of nitrosative stress im&gerebellar Ataxia
Type 3 we studied the expression of NO synthas®eanro2a cells
transfected with AT-3Q6 or AT-3Q72. Results demmtsd an
increase in NOS expression in the presence of Ajathological
form. This result was confirmed by densitometricalgsis that
showed, when AT-3Q72 was overexpressed, a banasitydor NOS
four times higher than the intensity of the NOS datetected in
presence of AT-3Q6 (p-value<0.05). Thus we studig@tion pattern
through mono and bidimensional analysis and wergbdethat in the
presence of AT-3 pathological form there was a r&atzsle increase
in protein nitration, both as nitration level argl mumber of nitrated
proteins. These data demonstrate that activationtiafsative stress is
induced in the presence of AT-3 pathological form.

Although other studies will be necessary to analyig@tion levels of
proteins that interact with ataxin-3, like VCP/p9ZBP or p300;
preliminary data suggested that ataxin-3 is alsé@ted. The study of
wild-type and pathological AT-3 nitration levelsuid be important to
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understand the role of ataxin-3 both in physiolageonditions and in
the pathogenesis; in fact nitration of tyrosineidess is a relevant
posttranslational modification that positively oegatively regulates,
signalling pathways, controlling tyrosine phospHatign, kinases
activation and protein-protein interactions (MordeH. P. et al,
2008). In AT-3 sequence there are two potentisdhgvant tyrosine
residues: Y27 and Y288. The tyrosine 27 is foundelto S29 and to
the cleavage site identified as the only one pteseevery form of
ataxin-3 (Pozzi Cet al, 2008); nitration of this residue could prevent
S29 phosphorylation by CK2 and GSK3, controlling-AThuclear
uptake or possibly the proteolytic cleavage by atafe
chimotrypsin-like protease. The tyrosine 288 isated in VCP/p97
binding site, suggesting that nitration of thisides could be regulate
the interaction between VCP/p97 and ataxin-3. Aaited study of
nitration at both these residues could shed lightAd-3 nuclear
aggregate formation and aberrant interaction wi@PXp97 in relation
to Sca3 pathogenesis.
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abstract

In the present work we show that murine ATXN3 (ATX®@6) nuclear uptake is promoted by phosphorylatioserine
29, a highly conserved residue inside the Josegdinain. Both casein kinase 2 (CK2) and glycogenhase kinase 3
(GSK3) are able to carry out phosphorylation ors tfeisidue. S29 phosphorylation was initially assésa vitro on
purified ATXN3Q6, and subsequently domed in transfected COS-7 cells, by MS analysite-8irected mutagenesis
of S29 to an alanine was shown to strongly redumerar uptake, in COS-7 transiently transfectets alerexpressing
ATXN3Q6, while substitution with phospho-mimic astp@ acid restored the wild-type phenotype. Finathgatment
with CK2 and GSK3 inhibitors prevented S29 phosplation and strongly inhibited nuclear uptake, shapthat both
kinases are involved in ATXN3Q6 subcellular sortiddthough other authors have previously addresbidissue, we
show for thefirst time that ATXN3 is phosphorylated inside thesejthin domain and that S29 phosphorylation is
involved in nuclear uptake of ATXN3.

1. Introduction

Ataxin-3 (ATXN3), the protein involved in SCA3 (Smicerebellar Ataxia type 3), is a ubiquitously
expressed proteifii—3], possessing a conserved N-terminal region, thephdis domain, and a less
conserved, unstructured C-terminus containing thlg-Q stretch[4—6]. The structure of the Josephin
domain has been determined by NNIR8]. Many hypothesis have been formulated as regafd&\s
function [9-13]. On the whole, recent data suggest a role for AFXN proteasome mediated protein
degradation, as a deubiquitinating enzyme whichuleggsflow through the ERAD (ER Associated
Degradation]7,14]. ATXN3 is mostly cytosolic, although it also lozas in the nucleud5,16] Nuclear
localization is particularly relevant to SCA3 patlemesis, in that pathologically expanded ATXN3 give
rise to nuclear aggregates. Different authd®17-20] presented evidence suggesting a model of the
disease in which the full-length pathological photés recruited into aggregates Woxic’ poly-Q
containing fragments. In our laboratory we obserteat purfied ATXN3 underwent slow autolytic
fragmentation[21] and subsequently showed that pathological ATXN3 Vess proteolyzed than its
normal counterpaff2]. Besides, some authors showed that ATXN3 is ttgetaf caspase [13], while
others demonstrated that ATXN3 is cleaved by calpg0,23] The role of phosphorylation in SCA3
pathogenesis has not yet been thoroughly investigdtait and coworkers have shown the presence, in
ATXN3 primary structure, of two putative casein &ie (CK2) phosphorylation sitfk5]. Other authors
[24] have shown that ATXNS3 interacts with CK2. More neity Mueller and coworkerf25] showed that
ATXN3 phosphorylation by CK2 on S340 and S352 prt@aoATXN3 nuclear uptake. Protein kinase
CK2 is a highly conserved, ubiquitously expressedTr kinase, extremely abundant in the brainsThi
pleiotropic enzyme is involved in the control ofricaus cellular processg26], amongst which neural
developmen{27]. Moreover, the catalytia-subunit of CK2 is an inhibitor of the neuronal &ge Cdk5
[28]. Fei and coworker29] showed that ATXNS3 is also phosphorylated by glycoggnthase kinase33
(GSK 3), a Ser/Thr kinase, particularly abundant in teet@l nervous systef0] that plays a key role

in a number of cellular processigd]. In this work wefind that a murine form (ATXN3Q€B2,33], is
phosphorylated by CK2 and GSK3 on serine 29, alhigbnserved residue inside the Josephin domain.
We also show that phosphorylation at this residomtrols nuclear uptake of ATXN3, a key event in
SCAS3 pathogenesis.

2. Materials and Methods

2.1. Constructs

cDNA coding for murine ATXN3Q6, previously subcl@he our laboratory into plasmid pGEX-6P-1,
was cut with BamHI and Xhol restriction enzymes asubcloned into plasmid pcDNA3X(+)HA
(Invitrogen UK Ltd. Paisley, England). Subsequenfif XN3 coding cDNA, tagged with an HA epitope
at the N-terminal, was retrieved by PCR from pcDMA8HA and subcloned into plasmid
pcDNA3.1/myc-His, digested with the same enzymedrame with a c-myc epitope; the STOP codon
was eliminated by site-directed mutagenesis. S2®R$29D mutants were obtained by PCR using Quik-



Change Site directed Mutagenesis Kit (Stratagenddlia, CA USA), according to the manifacturer's
instructions. The correct insertion of cDNAs in eegsion vectors and the presence of the mutatiens w
verified by automated sequencing using vector oligontide@rimers (T7 and BGH). All constructs in
pcDNA3.1/myc-His, carrying N-terminal HA and Ctermal c-myc epitopes, were hosted and afigaliin

E. coli strain DH&, while protein expression was achieved after temgransfection of COS-7 cells or
SHSY-5Y cells. Cultures were carried out in 94 miates in DMEM containing 10% fetal bovine serum
(FBS), 100 U/ml penicillin, 20Qug/ml streptomycin and 4 mM glutamine (COS-7 cedis)in F12 and
DMEM containing 10% fetal bovine serum (FBS), 100nUpenicillin, 100pg/ml streptomycin and 4
mM glutamine (SHSY-5Y cells). Cells were subseqlyetninsiently transfected with FUGENEG6 (Roche
Diagnostics Mannheim, Germany), according to thenufecturer's instructions. To inhibit CK2 and
GSK3, COS-7 cells were incubated for 24 hours at@#with either 5 or 1M CK2 inhibitor (TBB,
Sigma St. Louis, Mo, USA) and/or with 10 GSK3 inhibitor (SB216763, Sigma St. Louis, Mo, A)S

24 h after transfection, cells were harvested astet for subcellular localization of exogenous AIBX
by blotting and detection with c-myc antibody. Cakbility was assessed through MTT test (Sigma St.
Louis, Mo, USA), performed according to the mantdaer's instructions.

2.2. Cell fractionation

24 h after transfection, COS-7 cells (6x31®lls/plate, cultured in 94 mm plates) or SHSY-5dl<
(1x10s cells/plate, cultured in 94 mm plates) were hae@sind resuspended in 10 mM (Na)P@00
mM NacCl, pH 7.4, 0.5% NP-40, supplemented with gase inhibitors (Roche Diagnostics Mannheim,
Germany). After incubating 40 min on ice, nucleirav@elleted by centrifugation at 4000xg for 15 main

4 °C. The supernatant, was centrifuged at 15,000<g

30 min at 4 °C, yielding the cytosolic fraction. &lei were resuspended in 50 mMHEPES pH 7.9, 0.75
mM MgClz, 0.5 mM EDTA, 0.5 M NaCl, 12.5% glycerol, 5 mM DTand protease inhibitors. After
incubating 1 h on ice nuclei were centrifuged ab08xg for 30 min at 4 °C: the supernatant reprtesen
the nuclear fraction.

2.3. Immunoprecipitation

1000 pg total protein extract, obtained from ATXN3Q6 awepressing COS-7 cells, was incubated
overnight at 4 °C with an anti-ATXN-3 polyclonaltéody, (2ng of Z46 antibody (Primm Cambridge,
MA USA). The total extract was subsequently incebatwith Protein A-Sepharosé“-CL-4B
(Amersham GE Healthcare, Uppsala, Sweden) for 2 °€. After incubation the resin was washed 3
times with NP40 buffer (50 mM Tris pH 7.5, 150 mMa@l, 15 mMMgCt and 1% NP40) and ataxin-3
was eluted by boiling in SDS buffer.

2.4. SDS-PAGE and western-blot analysis

SDS-PAGE and Western-blot were carried out by stesh@grocedures. PVDF Immobil8h P Millipore
Billerica, MA USA) membranes were blocked for InrhABS , containing either 5% (w/v) dried milk (for
anti-c-myc antibody) or in 5% (w/v) bovine serurbwhin (BSA) (Sigma St. Louis, Mo, USA) (for anti-
fibrillarin and anti-Phosphoglycerate kinase (PGKjikalies). Membranes were subsequently probed
overnight in PBS 1% dried milk, with anti-c-myc nssumonoclonal antibody (1:1000) (Santa Cruz
Biotechnology Inc. Santa Cruz, CA. USA). Controtubations with antfibrillarin (1:5000) (Encor
Biotechnology Gainesville, FL, USA) and with 22C#tigPGK (1:1000) (Molecular Probes, Invitrogen
UK Ltd. Paisley, England) mouse monoclonal antiesdivere also carried out overnight in PBS,
containing 1% (w/v) BSA, 0.1% (v/v) Tween20 and 184v) BSA respectively. Membranes, probed
with mouse antibodies, were incubated for 1 h aitranti-mouse horseradish peroxidase-conjugated IgG
(1:3000) (Calbiochem Darmstadt, Germany) in PB&taiaing 0.1% (v/v) Tween20 and 1% (w/v) dried
milk. Detection of antibody binding was carried owith ECL (Amersham GE Healthcare, Uppsala,
Sweden), according to the manufacturer's instrasti®rotein levels were qudigd by densitometry of
scanned not saturated X-rfiyns using the NIH Image-based software Scion Im&géon Corporation).
Quantfication data are a mean of three independent expeténbands intensities were normalized on
fibrillarin and PGK controls. Statistical analysissaygerformed using t-Student test, results ficgce
was indicated with ip0.05.

2.5. Acid silver stain

SDS-PAGE wadixed for 1 h in 40% Ethanol, 10% acid acetic andZXatays in 5% ethanol, 5% acid
acetic; the gel was subsequently washed 3 timeaCfanin in 30% ethanol and incubated for 1 min.i& 0
mM sodium tiosulfate. The gel was then incubatetllir8 mM silver nitrate, 0.02% formaldehyde for 20
min and subsequently washed twice with water fos@®and developed with 556 mM sodium carbonate,
0.02% formaldehyde, 0.02 mM sodium tiosulfate. Depimg was stopped with 50% ethanol, 12% acid
acetic; the gel was washed with water for 10 mid emnserved at 4 °C in 1% acid acetic.

2.6. Immundfluorescence and confocal analysis

COS-7 cells were plated onto coverslips (2.5»cHlis/coverslip) and grown for 24 h before trangstet
Cells were transfected overnight with FUGENE6 (Ro&hagnostics Mannheim, Germany); 24 h after
transfection, cells werixed for 20 min in 3% (w/v) paraformaldehyde in P&®l quenched for 30 min



with 50 mM NHiCl in PBS. Permeabilization was carried out by bating the cells in the presence of
0.3% (w/v) saponin in PBS (7 min for 3 times). Gellere then doubly stained with anti-c-myc mouse
monoclonal antibody (Santa Cruz Cruz Biotechnoltgy. Santa Cruz, CA USA) and anti-HA rabbit
polyclonal antibody (Sigma St. Louis, Mo USA). Aftextensive washes, cells were incubated with
donkey anti-mouse Cy3 conjugated antibody and dprketi-rabbit Cy2 conjugated antibody. All
antibodies were from Jackson ImmunoResearch Ladrieat(West Grove, PA USA). Incubations and
washes were carried out at room temperature in BB (w/v) saponin. Cells wefmally incubated for
15 min with the nuclear marker TO-PRO-3 iodide (bmllar Probes, Invitrogen UK Ltd Paisley,
England). Confocal microscopy was performed usingeica Mod. TCS-SP2 (Leica Microsystem).
Image processing was performed with Leica Conf&aftware (LCS) and Adobe Photoshop Software.
Confocal microscopy images were collected understiree conditions in order to compdlierescence
intensities among different images. About 120 cellse examined in each image and 6 images were
analyzed for each experiment; the nuclear regios giicumscribed and its medlmorescence intensity
was evaluated. Statistical analysis was performsddgut-Student test, results sificance was indicated
with p<0.05.

2.7. Purffication from E.coli

ATXN3Q6-encoding cDNA, cloned into plasmid pGEX-@Pwas used to transform E. coli strain BL21
codon plus RIL, to express ATXN3 as a GST-fusioot@n. Cells were grown at 37 °C in LB-ampicillin
medium and induced atef00.8, for 3 h with 5QuM IPTG. In order to obtain crude extracts, cellgeve
resuspended in lysis buffer (10 mM potassium phasphpH 7.2, 150 mM NaCl, 1 mM
phenylmethanesulfonyluoride, 5 mM DTT, 100 mM Mg@G) plus 1 mg/ml lysozyme and incubated for
1 h at 4 °C. Cell suspension was then frozen at’@@or 20 min and thawed; DNase | (0.15 mg/g of
cells, wet weight) and 1% Triton X-100 were addeai] the sample further incubated for 30 min at room
temperature. After centrifugation for 30 min atd®)xg, the supernatant was incubated with Glutathio
Sepharose 4B resin (1 ml/g of cells, wet weightlE (8ealthcare, Uppsala, Sweden) for 40 min at 4 °C;
the sample was subsequently loaded onto the coléfter washing with 10 volumes of PBS (10 mM
potassium phosphate, pH 7.2, 150 mM NacCl) and ibgailon with 10 volumes of cold Cleavage Buffer
(50 mM Tris-HCI, pH 7.0, 150 mM NaCl, 1 mM EDTA,tM DTT), ATXN3 was cleaved from fusion
partner by overnight incubation at 4 °C with Presiin Protease (80 U/ml resin) (GE Healthcare,
Uppsala, Sweden)). Péied ATXN3 was eluted with 10 ml of Cleavage bufférotein concentration was
assayed through Coomassie brilliant blue G-250 fRience (Pierce Biotechnology, Rockford, IL), using
bovine plasma immunoglobulin as a standard protein.

2.8. In vitro phosphorylation by CK2

ATXN3Q6 purffied from E. coli was dialyzed for 3 h at 4 °C agabBmM Tris pH 8, 150 mM NacCl, 10
mM MgClz, with a 14 kD cut-off membrane. ATXN3Q6 (4@) was then incubated for 30 min at 30 °C,
under shaking, with ig (200 U) CK2 (BIOMOL international Plymouth MeeaginPA USA) in the
presence of 1 mM ATP. The sample was then subjetbedMALDI-TOF analysis. If needed,
phosphorylation was checked usingP]ATP, as previously reportg¢d4].

2.9. In vitro phosphorylation by GSK3

ATXN3Q6 purfied from E. coli was dialyzed for 3 h at 4 °C in GBBuffer (25 mM MOPS pH 7.2, 12.5
mM B-glycerophosphate, 5 mM EGTA, 2 mMEDTA, 25 mMMg@d.25 mMDTT, 50 ng{tl BSA) with

a 14 kD cut-off membrane. ATXN3Q6 (4@) was then incubated with g (100U) GSK3 (BIOMOL
international Plymouth Meeting, PA. USA) and ATPOLMat 30 °C for 30 min. The sample was then
subjected to analysis.

2.10. Mass spectrometry analysis

ATXN3Q6, phosphorylated in vitro by either CK2 orS&3 as described above, was subjected to
reduction and alkylation in solution by iodoacetdeniand incubated with GluC endoproteinases (1:25
enzyme/protein, w/w) overnight at 37 °C. Followiagdfication, the peptide mixture was loaded onto a
MALDI plate using ZipTip C18 (Millipore, Bedfor, MAJSA) with a matrix of a-ciano-4-
hydroxycinnamic acid. The same procedure was apgbe the analysis of ATXN3Q6 in transfected
cells. In the latter case the protein, separate8D$-PAGE, was subjected to in situ digestion V@th-

C endoproteinase (1:10 enzyme/protein, w/w) andigegextraction with 40% C#CN in 0.1% TFA
before loading onto the MALDI plate. Mass spectramanalysis was carried out on a Bruker Daltonics
Reflex 1V instrument (Bruker Daltonics, Milano, Ital\@quipped with a nitrogen laser, operating in
positive and negative linear mode. Each spectrumagaumulated for at least 200 laser shots andeBruk
peptide calibration standards were used for cdlidma MS/MS analysis was carried out on a MALDI
TOF/TOF Autdlex Il (Bruker Daltonics, Milano, ltaly). Data weracquired and processed using
Biotools software (Bruker Daltonics, Milano, Italy)

3. Results

3.1. ATXN3 is phosphorylated in vitro by Casein Kirase Il



A bioinformatic analysis, performed through NetPh®, Net-PhosK 1.0 and ScanProsite servers
available atvww.expasy.chas well as Phosidia server available at Phosialia, showed the presence,
along ATXN3 aminoacidic sequence, of a series afsphorylation consensus sites for several kinases.
However, within the Josephin domain, the only dtreed part of the protein, only one residue (S283 w
predicted by all four servers to be phosphorylaréth a high score. This site appears to be highly
conserved in vertebrates, frdieh to mammals, as shownhig. 1a. According to ScanProsite, NetPhos
2.0 and Phosida servers, S29 is phosphorylated K%, @espite the presence of a proline at the C-
terminal side of the phosphorylated residue; moee@hosphorylation by GSKS3 is also predicted at S29
by NetPhosK 1.0 server. As shownHig. 1a, another highly conserved consensus site for iSIS236, a
residue located upstream of the poly-Q stretch,obtiside the Josephin domain, which is also predict
to be phosphorylated by CK2 by all servers. S25@tteer highly conserved phosphorylation site,
predicted to be phosphorylated by GSK3 by NetPh@s8d Phosidia servers, was already demonstrated
to be phosphorylated by this kingd&8]. Other consensus sites were found in the C-tedmimstructured
domain: a cluster dive phosphorylation sites predicted to be phosphtesl either by CK2 or by GSK3
(S268, T271, S272, S273, S277) and the two sedlmeady demonstrated to be phosphorylated by CK2
by Mueller and coworkers (S329 and S341 in murinEXN3, corresponding to S340 and S352
respectively in human ATXN3[R5]. However, most of these sites (as well as othech as S321 and
T344) are not predicted to be phosphorylated bjoalt servers, nor are they highly conserved, asveh

in Fig. 1a. In order to ascertain whether ATXN3 can be phosgdated by CK2, pufied recombinant
murine ATXN3Q6, obtained as previously repor{@8], was subjected to in vitro phosphorylation by
CK2. Autoradiography Kig. 1b) showed that ATXN3 is actually phosphorylated thys kinase,
corfirming that sites phosphorylatable by CK2 are presethis protein, as previously reportg2b,29]
Lower molecular mass bands are also seen, repiege®TXN3 proteolytic fragments, whose
characterization was described in a previous Wagq. Since none of the existing studies on ATXN3
phosphorylation had been carried out through masstmetry, we decided to investigate ATXN3
phosphorylation through a proteomic approach. Thdysof the role of CK2 phosphorylation at S29 and
S236 appeared of particular interest, since theséha most conserved CK2 phosphorylation sites(Cth
terminal domain being more divergent, and becawaspravious study had investigated phosphorylation
of the N-terminus

3.2. ATXN3 is phosphorylated in vitro by CK2 and G¥3 on S29

In order to assess which of the predicted CK2 an@6K3 phosphorylatable residues are actually
phosphorylated, recombinant ATXN3 was subjecteth taitro phosphorylation by either CK2 or GSKS3,
digestion with Glu-C and mass spectrometry analy@jserating in the linear mode, upon incubation of
wild-type ATXN3 with either CK2 or GSKS3, it was psible to detect peaks corresponding to
monophosphorylated peptides containing S2@.(2). A list of the phosphorylated peptides idéet
through mass spectrometry is reportedrig. 2a. The peak at 3002.13 m/z was also analyzed byvi8S/
TOF-TOF analysis unequivocally dinming the phosphorylation of ATXN3 on S29 residaaté not
shown). Upon phosphatise treatment the correspgntbn-phosphorylated peaks were detected (data not
shown).Fig. 2b reports three of the spectra relative to theigept obtained after phosphorylation with
CK2: peak at 217232 m/z corresponds to the phogfgted peptide 27-44
(27YFSPVELSSIAHQLDEERj4, calculated average mass 2172.97), peak at 300@ZAorresponds to
the phosphorylated peptide 8-32KQEGSLCAQHCLNNLLQGEYFSPVE, calculated monoisotopic
mass 3001.35) and peak at 3516.00 m/z correspondsthé phosphorylated peptide 3-32
(3SIFHEKQEGSLCAQHCLNNLLQGEYFSPVE, calculated monoisotopic mass 3516.64). Moreover,
mass spectrometric analysis of the protéimgerprint allowed to detect only peptides containin
unmodfied S236, showing that this residue is not phospamy in such conditions. Besides the
modification in the Josephin domain, phosphorylationesine residues in the C-terminal portion of the
molecule was also observed: S268, S272, S273, SEZ71, S329 and S341, were all found to be
phosphorylated by CK2; S268, S272, S273 and S27@ akso found to be phosphorylated by GSK3
(data not shown). Thedimdings are in accordance with previous data reddsyeMueller and coworkers
[25], who described the phosphorylation of human ATX3340 and S352, corresponding to murine
ATXN3 S329 and S341 respectively. Taken together, mesults provide evidence that ATXN3 is
phosphorylated in vitro on residue S29 by CK2 arf8KG and suggest a direct role of these kinases in i
vivo phosphorylation of ATXN3 within the Josephiardain.

3.3. ATXN3 is phosphorylated in transfected COS-7edls

COS-7 cells overexpressing ATXN3Q6 were collectddh2after transfection; the recombinant protein
was immunoprecipitated from crude extracts withi-&TtXN3Q6 polyclonal Z46 antibody and
subsequently loaded onto SDS-PAGE. Bands were téet¢lsrough acid silver staining and subjected to



in situ digestion with Glu-C endoproteinase. Mapscsrometry analysis of the protein expressed in
transfected cells unequivocally domed that ATXN3Q6 is phosphorylated at S29, sinagais possible

to detect phosphopeptides containing S29 ufingerprint mass analysis, as reportedTiable 1
(phosphopeptiderY FSPVEs2, calculated monoisotopic mass 821.34, experimemass 821.98, and
phosphopeptide7YFSPVELSSIAHQLDEEE., calculated monoisotopic mass 2172.97, experirhenta
mass 2173.02) .

3.4. ATXN3Q6S29A is less é&tiently translocated to the nucleus than the wildytpe

With the aim of investigating the role of phospHatipn on S29, this residue was substituted with an
alanine, through site-directed mutagenesis perfdrmith Quik Change Mutagenesis Kit (Stratagene La
Jolla, CA USA). COS-7 cells were transiently tratséd with plasmid pcDNA3.1/myc-His, expressing
either wild-type ATXN3Q6 or ATXN3Q6S29A carrying A epitope at the N-terminus and a c-myc
epitope at the C-terminus. Cells were harvestel after transfection and cytosolic and nucleartions
were analysed by Western blotting, probed with aoetonal anti-c-myc antibody. Results are shown in
Fig. 3a: the band corresponding to wild-type ATXN3Q6 waend equally distributed between the
cytoplasm and the nucleus. On the contrary, thel lsarresponding to S29A mutant was found much less
abundant in the nuclear fraction, being about 2%% e intensity of the corresponding cytosolic baasl
shown by densitometric analysiBi§. 3); statistical analysis cfinmed the existence of a sifjoant
difference between nuclear and cytosolic S29A ntu(pr0.05); no differences were found between
nuclear and cytosolic wild-type ATXN3 (p=0.52). Thsuggests that S29 phosphorylation promotes
ATXN3 nuclear uptake. Confocal microscopy fiomed these results: as seenFiy. 4a wild-type
ATXN3Q6 fluorescence, both red (due to Cy3 conjugated amijyc-antibody) and green (due to Cy2
conjugated anti-HA antibody), was evenly distrilsiteside the cells. On the other hand, S29A mutant
fluorescence was found to be much weaker insideutleus than in the cytoplasm. The overlay with the
blue fluorescence emission of the nuclear markeficoad that wild-type ATXN3 is found also inside
the nucleus, while S29A mutant is found predomilyaimt the cytosol. Quantitative analysis of
fluorescent emission allowed to assess that S29Antili@rescence in the nuclear region amounted to
about 30% of wild-type ATXN3fluorescence in the same ardaig( 4b); statistically sigriicant
differences were found between wild-type ATXN3 &B2PA mutant (g0.05). In order to cdirm the
role of S29 phosphorylation on ATXN3 nuclear uptatkés residue was substituted with an aspartid,aci
thus mimicking the presence of the phosphate nematharge. After ATXN3Q6S29D transient
expression in COS-7 cells, cytoplasmic and nudieations were analysed by Western blotting. Rssult
shown inFig. 3, showed that S29D behaved exactly like the wiftbt being equally distributed in the
nucleus and the cytoplasm. Consistently, a uniflmorescence distribution inside the cells was detect
in confocal microscopy experiments, as showrfrig. 4a, the overlay showing colocalization with the
nuclear marker. Quantitatifeiorescence analysis domed that S29Dluorescence in the nuclear region
did not remarkably differ from that of wild-type XN3Q6 (Fig. 4b); statistical analysis yielded a p value
0.53, cofirming the absence of any statistically sfgaint differences between wild-type ATXN3 and
S29D mutant. Moreover the same percentage of skeieing the described subcellular localization was
found in all samples considered, as shown in teedalumn offig. 4a. Cell viability, assayed through
MTT test, showed a 30% reduction for S29A mutartemcompared to both wild-type protein and S29D
mutant; statistical analysis of three different exments yielded a p valug0.05 for the comparison
between wild-type ATXN3 and S29A mutant, while aglue of 0.21 was found when comparing wild-
type ATXN3 with S29D mutant. The previously obsety22] 42 kDa fragment, produced by proteolytic
cleavage at S29, was found almost exclusively éndytosolic fractions and appeared to be more atide
in S29A mutant than in the wild-type protein andS29D mutant. In order to rule out the possibiltgt

the observed phenotype of S29A mutant might béired to COS-7 cells, human neuroblastoma SHSY-
5Y cells were also transfected with plasmid pcDNBwyc-His, expressing either wild-type ATXN3Q6
or ATXN3Q6S29A carrying an HA epitope at the N-témos and a c-myc epitope at the C-terminus.
Cytosolic and nuclear fractions, obtained from lated cells 24 h after transfection, were analysed
Western blotting, probed with a monoclonal anti-genantibody. Results, reported kig. 3d, show the
absence of S29A in the nuclear fraction, in acaetdawith what observed in COS-7 cells.

3.5. CK2 and GSK3 inhibitors demonstrate that bothkinases act on S29 in COS-7 transfected cells
COS-7 cells expressing either ATXN3Q6 or ATXN3Q6B2%ere grown in the presence of CK2
inhibitor TBB (tetrabromobenzotriazole) and GSKa8ibitor SB216763. Inhibitors were added to growth
media either separately or in combination. WestBots of nuclear and cytosolic fractions, probethwi
anti-c-myc antibody, are shown kig. 5 When the culture medium was upplemented with Eide,

as shown irFig. 5a, both wild-type ATXN3Q6 and S29D mutant were fdwavenly distributed between
the cytosol and the nucleus, suggesting that TBBdcoot prevent S29 phosphorylation even aulD
concentration. The same happened when only GSKibiioh SB216763 was administered at Pl
concentration, as shown iRig. 5. However, when both inhibitors were added to weltmedium,
nuclear translocation of wild-type ATXN3Q6 appeatede reduced, a behaviour closely mirroring that



of S29A mutant (seé-ig. 5); on the contrary, S29D mutant appeared to béowmily distributed
between nucleus and cytosol. Intensities of ATXNBds in total extracts were found to be similar,
showing that the mutation did not affect ATXN3 eassion levels. These data were fagomed by
densitometric analysis, reportedfig. 5d, showing that, when both inhibitors were admanistl, about
50% of the intensity of the corresponding cytosdland of wild-type ATXN3 was found inside the
nucleus, while S29D mutant was equally distributeetween the two cellular compartments; the
statistically sigrficant difference in nuclear and cytosolic localiaatof ATXN3 in the presence of the
inhibitors was cofirmed by a p valug0.05. Mass spectrometry analysis, performed onsihidr stained
gels after ATXN3Q6 immunoprecipitation from COS-@lls cultured in the presence of both TBB and
SB216763, allowed to detect a peptide containinghadiied S29, {7YFSPVELSSIAHQLDEERj4,
calculated monoisotopic mass 2092.97, experimantds 2092.78), showing that this residue is not
phosphorylated when both CK2 and GSK3 inhibitors present. On the whole these data clearly show
that CK2 and GSKS3 can concur in the phosphorylatio®29, promoting ATXN3 nuclear uptake.

4. Discussion

Phosphorylation is well known to play a role in amber of neurodegenerative diseases, notably in
amyloidfibers formation. Nonaka and cowork&$§] have shown that-synuclein is phosphorylated on
Ser 129 and that this is crucial in mediating bptbtein neurotoxicity and inclusion formation; athe
authors have shown that hungtintin is phosphorglldig Cdk5[36]. Phosphorylation has also been
reported to protect presenilin-2 from caspase égay37]. Amongst ataxias, SCA14 is caused by
mutations on residues which are normally phosplacegl: unphosphorylated proteins do not fold
correctly and aggregat@8]; ATXN1, the protein responsible for Scal has bdemonstrated to be
phosphorylated by Akt at S776; this phosphorylatioeates a binding site for 14-3-3, increasing ATIXN
stabilization and accumulation and hence leadingatiogenesig39,40] Amongst the kinases involved

in neurodegenerative diseases, CK2 and GSK3 atieydarly interesting. In neuronal cells there agse

to be a myriad of CK2 substrates that have clegligations in neural development, neuritogenesis,
synaptic transmission and plastic[®7]. On the other hand, of the two isoforms of GSK3chhare
found in mammals, GSKBand GSK& [41], GSK3 is particularly abundant in the central nervous
system[30] and has been found to be involved in Alzheimer aisepathogenes[d2]. Some authors
already addressed the issue of ATXN3 phosphorylafi,24,25,29] however, their studies were
conducted mainly through pull-down assays and caimoprecipitations. In this work, we investigated
for the first time the role of ATXN3 phosphorylation throughproteomic approach. Amongst the
different putative phosphorylation consensus siteish are found alongAT XN3 sequence, we found that
S29, the only phosphorylatable site within theepbén domain, can be phosphorylated in vitro byhbot
CK2 and GSK3. Phosphorylation on S29 was subselyuentfirmed in transfected COS-7 cells
overexpressing ATXN3Q6 and was found to be prevkbtethe addition of CK2 and GSKS3 inhibitors.
On the contrary, S236, another highly conservedphorylation site, was found to be unphosphorylated
in mass spectrometry analysis. Moreover, our datfirmed phosphorylation at C-terminal sites already
described by other authors, such as SPB§ and S329 and S341, corresponding to S340 and S352
respectively in human ATXN®S5]. It is worth mentioning that Serine 29 is recoguizby prediction
methods, as part of a consensus sequence for i®ha@d GSK3, although the presence of a proline
nearby is known to prevent phosphorylation by CK2some instances; experimental data allowed to
corfirm this prediction. Our decision to focus on S2@gphorylation is motivated by the fact that this
residue is highly conserved in vertebrates; moreavés the only putatively phosphorylated sitethim

the Josephin domain and, according to the NMR deherd structurg8] is fully exposed to the solvent
and presumably easily accessible. On the other,haedlid not focus on consensus sites locateddn th
C-terminal domain, since they appear to be lessarwed and had already been studied by other author
In order to assess whether phosphorylation at $2@dcregulate ATXN3 subcellular localization, we
substituted S29 with an alanine, through site-d&@@cmutagenesis. Results showed that mutation to
alanine strongly reduced nuclear uptake. The faat, upon substituting S29 with an aspartic adid, t
wild-type phenotype is restored, shows that theicgdn of nuclear uptake is due to the lack of the
negative phosphate charge and not to the aminsabistitution. The site of proteolytic cleavage seém

be unaffected by the lack of phosphorylation; hosve829A mutant seems to be cleaved at S29 to a
higher extent than both wild-type and S29D mutanggesting that phosphorylation at this level might
hamper proteolytic cleavage; the double band wiideen in correspondence of S29A 42 kDa fragment
is also present in wild-type ATXN3 and is probahlyartifact. More work will be necessary to elutéa
the nature and role of the so far unknown protéagalved in the cleavage. Mass spectrometry analysi
also showed beyond any doubt that ATXN3 is phosghated in transfected cells and this strongly
suggests that phosphorylation takes place alsivin Woreover, the fact that CK2 and GSK3 concur in
phosphorylating S29 points to the importance of ARBXnuclear translocation. Results obtained with



both inhibitors suggest that no other kinases mvelved in this process. All our experiments haeerb
performed on murine ATXN3, carrying only six glutenes and sharing a high similarity with normal
human ATXN3; as stated befof22], the choice of this protein is jufséd by the effort to avoid aggregate
formation, which can be afittially induced by the unnatural raising in concatitm which takes place
inside transfected cells, since the aggregationgs® follows a second order king8]. The presence of
only six glutamines in murine ATXN3, makes the eveather unlikely. Moreover we already showed
that human ATXN3Q26 behaves exactly like murine AI3Q6 when expressed at low levels in
transfected cells, as regards subcellular sortimppoteolytic fragmentatiof22]. Our data show a strong
reduction in nuclear uptake, which is nevertheless completely abolished. The possibility that this
event is controlled by more than one factor is Mé@gly. In a recent paper, Mueller at al. idéietl CK2
phosphorylation on S340 and S352, two residuestwdiie found downstream of poly-Q, as essential for
nuclear translocatiof25]; although, as mentioned above, we did not focuplwsphorylation at these
residues, our data arefuhitely not in contrast with those of Mueller andvawkers. Since S340 and S352
are both found inside UIM3, whose presence in ATXbtBicture depends on alternative splicing,
phosphorylation at S29 may well be an additionatda promoting nuclear uptake, a process which
seems essential for ATXN3 function. In addition, N3 nuclear uptake does not seem to be completely
suppressed in Mueller and coworkers experimfi§ neither upon S340/S352 mutagenesis to alanine
nor upon addition of CK2 inhibitors. Last but ne@st, the fact that when S29 is substituted with an
alanine, a 30% decrease in cell viability is obsdrsuggests that nuclear uptake is an importaxttegs

for ATXN3 functionality, possibly in relation tostfunction as a transcriptional represghn3], and is
finely controlled by more than one factor. In cortrimsMueller and coworkers, a recent papét]
showed that CK2 inhibitors are not effective inyaeting ATXN3 nuclear localization upon heat-shock;
this is well in accordance with our data showinat thnly simultaneous inhibition of both CK2 and GSK
can prevent ATXN3 nuclear uptake. These authois sttewed that S111, which is found inside a Polo-
like kinase phosphorylation site, is involved in N3 nuclear uptake following heat-shock; we propose
that this residue be involved in nuclear uptakenpied by heat-shock or oxidative stress, while
phosphorylation at S29, S340 and S352 could regulatmal ATXNS3 traficking between the nucleus
and the cytoplasm. This is strongly supported leyftict that, in Reina and coworkers experiment41S1
mutation to alanine decreases ATXN3 nuclear loasibn but does not suppress it. Whether a putative
NLS, which is found in ATXN3 primary sequence, ssential for ATXN3 nuclear translocation is still
controversial: in a previous wofR?2] we showed that a truncated mutant lacking this secgl was only
slightly less diciently translocated into the nucleus; Mueller awvorkers, as well as Reina and
coauthors, recently cfirmed that NLS mutation has no effect on ATXN3 slib& distribution. On the
other hand other authofd5] showed, through a yeast nuclear import assay, AHXN3 NLS is
functional and essential for nuclear uptake. Nuclkeanslocation of ATXN3 is also of the utmost
importance for SCA3 pathogenesis, since amyloidegaies are found primarily inside the nucleus.
Although a growing amount of data suggest that chibmdrial damage is also involved in SCA3
pathogenesig46-48], the presence of nuclear aggregates is a hallrnnany neurodegenerative
diseases and impairment of nuclear functions ig lieely to induce cell death. Our data stronglggast
that inhibiting S29 phosphorylation, strongly redscATXN3 nuclear uptake. This in turn leads to the
key question of how S29 phosphorylation is involie®CA3 pathogenesis. In a previous w{ZR] we
suggested that a toxic poly-Q containing fragmestproduced from incomplete proteolysis of
pathological human ATXN3Q72, which can trigger aggation of pathological undegraded ATXNS3,
upon reaching a critical concentration inside nfimudria and the nucleus. Recently, Hubener ¢44].
showed that in transgenic mice nuclear aggregatibipathological ATXN3 occurs even when an
expanded ATXN3 carrying a NES is coexpressed anuodstrated that double transgenic mice,
expressing both normal and pathological ATXN3 shbe same disease progression, as transgenic mice
expressing only the pathological proteins; thiscinsistent with the idea that aggregation is a
concentration process and could also be explaip¢téalready

proposed hypothesis of expanded polyQ stretchimmgirise to membrane channels. Moreover another
recent work [50] showed that the C-terminus of Hsp70-interactingtggno (CHIP) suppresses
ATXN3Q70 neurotoxicity in transgenic mice, preveagti the formation of toxic microaggregates.
Ubiquitinylation by either E4B or CHIP is essential target misfolded ATXN3 to the proteasome
[10,24] Data of different authorf24,25] have shown that pathological ATXN3 is also a sttetrof
CK2, suggesting that phosphorylation may targehgagical ATXN3 to the nucleus, where it will
readily form aggregates, escaping ubiquitinylaiow targeting to proteasomal degradation. Furtloek w
will be undertaken in order to understand the odl€K2 and GSK3 in SCA3 pathogenesis.
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Ser29
N Anas —--MESI FHERQE GSLCAQHC LNNL LQGEY ESPVEL S3 TAHQLIE EERMRMAE GGV T SE
Danio —===—=-ACRQEGSLCAQHCLNNLLQGEY FEPVEL 33 IAQQLIE EERMRMAE GGV QTE
Canis —--MESIFHERQE GSLCAQHCLNNLLQGEY FHPVEL SS IAHQLIE EERMRMAE GGV TSE
Xenopus —=-=-MEVI FHEKQE GSLCAQHCLNNL LQGEY FEPVEL S S TAMQLIE QE RMRMAE GGV TSE
Bos —=--MES I FHERQE GSLCAQHC LNNL LQGEY FSPVEL S S IAHQLDE EE RMRMAE GGV T SE
Ornithorhynchus —--¥EAIFHERQE GSLCAQHCLNNLLQGEY FSPVELSS IAHQLIE EERMRMAE GGLTSE
Homo —--MESIFHERQE GSLCAQHCLNNL LQGEY FPVEL SS IAHQLIE EERMRMAE GGV TSE
Hus —=--MESIFH CA L ESPVELSSIAHQLIEEER TSE
Macaca —---—---—QEGSLCAQHCLNNLLQGEY FEPVEL S S IAHQLIE EERMRMAE GGV TSE
Branchiostoma  —--MESIFHERGEGSLCAQHCLNALLQGEY FTAVDLASFAQQLIE AERERMAEGGT TTA
4aa ssasaaas sasas a;, L, aias aa s PO
Anas DYRTFL-QPSGNMDDIGFE SIQV ISNALKUAGLE LILENSPEYQRL -~ RIDPINERSFIC
Danio EYRTFIQQPS@MDDIGEE SIQVISNALGUAGLE IVLENSREYQQL -~ QMD PMHEKAFIC
Canis DYRTFIQQ PS @MDDSGFESIQVISNALKVAGLE LILENSPEYQRL-—RIDPINERSFIC
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Fig. 1. In vitro CK2 phosphorylation of ATXN3. (a) T-Coffee multiple sequence alignment of atainénas platyrhynchos
(duck; ABX10879), Danio rerio (zeHish; AAY28605), Canis lupus (dog; XP537352), Xenofaevis (african clawed frog;
NP001016389), Bos tauros (domestic cow; AAI46167)itBorhynchus anatinus (platypus; XP001507271)mblosapiens
(man; BAI46626), Mus musculus (mouse; NP083981), adacrhesus (macaque; XP001116022), Branchiostonc@dkatum
(amphioxus XP002610252); conserved serines are edarlp) In vitro phosphorylation of pfied recombinant murine
ATXN3Q6 (arrow); an E. coli crude extract subjectedhe same pufitation procedure (see Materials and Methods) wed as
a control.

a
AT-3 Kinase Peptide Species | Predicted | Identified
mass mass
CK2
Wild type YFSPVE* P-Ser-18 | 723.34 | 723.30
2’YFSPVELSSIAHQLDEEE* P-Ser +80| 2172.97 [ 2172.32
SKQEGSLCAQHCLNNLLQGEYFSPVE® | P-Ser +80| 3001.35 | 3002.13
3SIFHEKQEGSLCAQHCLNNLLQGEYFSPVE®| P-Ser -18 | 3516.64 | 3516.00
GSK3
Wild type 2YFSPVE* P-Ser-18 | 723.34 | 72353
2’YFSPVELSSIAHQLDEEE* P-Ser +80| 2172.97 | 2173.00
®KQEGSLCAQHCLNNLLQGEYFSPVE® | P-Ser +80| 3001.35 | 3001.00
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Fig. 2. ATXN3 is phosphorylated on Ser 29 by CK2 an@®SK3. (a) 8ug of ATXN3 was phosphorylated in vitro either by CK2
or GSK3. Samples were denatured in 8 Murea ancestdy to reduction and alkylation in solution bgdacetamide. After
dilution and incubation with GluC endoproteinase2%lenzyme/protein, w/w) overnight at 37 °C, sampiese analysed by
Mass analysis (as described in the experimentébsgcThe presence of the phosphate group resuéts increase in mass of 80
units or in a decrease of 18 units due to thedbsise phosphate and a water molecule. (b) Peak#2.32 m/z corresponds to the
CK2 phosphorylated peptide 27-44FSPVELSSIAHQLDEERj4, calculated average mass 2172.97), peak at 3008/23
corresponds to the CK2 phosphorylated peptide 8sBREGSLCAQHCLNNLLQGEYFSPVE, calculated monoisotopic
mass3001.35) and peak at 3516.00 m/z corresponds th® CK2 phosphorylated peptide 3-32
(3SIFHEKQEGSLCAQHCLNNLLQGEYFSPVE, calculated monoisotopic mass 3516.64) are ineliteData are representative
of one of three experiments

Table 1 ATXN3 is phosphorylated on Ser 29 in transfeed cells. Cell homogenate was separated by SDS-PAGE and
ATXN3Q6 was subjected to reduction, alkylation andsitu digestion with GluC endoproteinase (1:10yen/protein, w/w).
Upon peptide extraction with 40% GEN in 0.1% TFA, the peptide mixture was analyzedizss spectrometry (as described in
Materials and Methods).

ATX3 Peptide Species Predicted mass Identified mass
wild  2'YFSPVE™ P-Ser +80 82134 821.98
type

2IYFSPVELSSIAHQLDEEE*  P-Ser 480 2172.97 2173.02
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Fig. 3. Western-blot analysis of ataxins-3 in COS-and SHSY-5Y cells c-myc tagged fulllength ATXN3Q6 (a, b) and its
mutants ATXN3Q6S29A (a) and ATXN3Q6S29D (b) wergressed in COS-7 cells. Western-blots of cytosatid auclear
fractions were probed with a monoclonal anti-c-raptibody. Cytosolic and nuclear fractions controésevperformed with anti-
fibrillarin and anti-PGK antibodies. (c) Densitometanalysis performed with NIH Image-based softw@cton Image (Scion
Corporation) on blot reported in panel a. Bands isit&s were normalized dibrillarin and PGK controls.

Data represent mean + SD of three independent iexgrets; sigrficant differences were found between nuclear andsolit
S29A mutant (* g0.05); no differences were found between nucledramosolic wild-type ATXN3 (p=0.52) (d) c-myc taem
full-length ATXN3Q6 and its mutant ATXN3Q6S29A weeapressed in SHSY-5Y cells. Western-blots of aytiosand nuclear
fractions were probed with a monoclonal anti-c-raptibody. Cytosolic and nuclear fractions controésevperformed with anti-
fibrillarin and anti-PGK antibodies.
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Fig. 4. Confocal microscopy analysis of ATXN3 subdelar localization. (a) COS-7 cells were transfected with cDNAs coding
for ATXN3Q6, or ATXN3Q6S29A and ATXN3Q6S29D mutani® investigate sub-cellular localization of ATXN&ells were
fixed in PFA and probed with mouse monoclonal amtiyc-(red), rabbit monoclonal anti-HA antibodiese@n) and the nuclear
marker TO-PRO-3 iodide (blue). Last column reportscpntage of observed phenotypes (b) Qfieation analysis of
fluorescence intensities in the nuclear region df c@lerexpressing ATXN3Q6, ATXN3Q6S29A or ATXN3Q&E2 Data
represent mean + SD of three independent experimsignficant differences were found between wild-type ATXN&I S29A
mutant (* p<0.05); no differences were found between wild-t§FeXN3 and S29D mutant (p=0.53).
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Fig. 5. Western-blot analysis of COS-7 cells treatiewith kinase inhibitors. (a) c-myc tagged full-length ATXN3Q6 and its
mutant ATXN3Q6S29D were expressed in COS-7 cedlated with TBB 5 or 1M (CK2 inhibitor) or with DMSO, as a
control. (b) c-myc tagged full-length ATXN3Q6 artd imutant ATXN3Q6S29D were expressed in COS-7 tedlted with SB
216763 10pM(GSK3 inhibitor) or withDMSO, as a control. (c) nayc tagged full-length ATXN3Q6 and its mutant
ATXN3Q6S29D were expressed in COS-7 cells treated tdth TBB 10uM (CK2 inhibitor) and SB 216763 1M (GSK3
inhibitor) or with DMSO, as a control. (d) Densitetric analysis performed with NIH Image-based safsvScion Image (Scion
Corporation) on blot reported in panel c. Bands isitees were normalized ofibrillarin and PGK controls. Data represent
mean+SD of three independent experiments; fagmit differences were found between nuclear anaisojit wild-type ATXN3

in the presence of CK2 and GSKa3 inhibitors €0p05); no differences were found between nucledregtosolic S29D mutant in
the presence of CK2 and GSK3 inhibitor8iQ5) (a, b, c,) Western-blots of total extractgpsplic fraction and nuclear fraction
were probed with a monoclonal anti-c-myc antibo@ytosolic and nuclear fractions controls were penfed with antifibrillarin
and anti-PGK antibodies.
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