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Summary

Machado—Joseph disease is the most frequently fdamihantly-inherited cerebellar
ataxia. Over-repetition of a CAG trinucleotide eMJD1 gene translates into a
polyglutamine tract within the ataxin 3 protein,igfhupon proteolysis may trigger
Machado—Joseph disease. We investigated the romdins in the generation of toxic
ataxin 3 fragments and pathogenesis of Machadoplialisease. For this purpose, we
inhibited calpain activity in mouse models of MagbaJoseph disease by
overexpressing the endogenous calpain-inhibitgrasatin. Calpain blockage reduced
the size and number of mutant ataxin 3 inclusiaesyonal dysfunction and
neurodegeneration. By reducing fragmentation ofiatd, calpastatin overexpression
modified the subcellular localization of mutanbata3 restraining the protein in the
cytoplasm, reducing aggregation and nuclear toxamid overcoming calpastatin
depletion observed upon mutant ataxin 3 expres§lanfindings are the firsh vivo
proof that mutant ataxin 3 proteolysis by calpamesdiates its translocation to the
nucleus, aggregation and toxicity and that inhilbitof calpains may provide an
effective therapy for Machado—Joseph disease.

Machado—Joseph disease
spinocerebellar ataxia type 3
proteolysis

calpastatin

cleavage fragment

Introduction

Machado—Joseph disease, also known as spinoceresialkia type 3, was originally
described in people of Portuguese descent andusonsidered to be the most
frequent form of the autosomal dominantly inheritedebellar ataxias. Machado—
Joseph disease is a neurodegenerative disordexctbidgzed by abnormal movement
(Sudarsky and Coutinho, 198&nd is caused by an unstable and expanded




polyglutamine repeat of >55 CAGs within the codiagion of the causative gene,
MJD1, on chromosome 14g32.Kgwaguchiet al, 1999, conferring a toxic gain of
function to the ubiquitin-binding protein ataxifTXNJ (Rubinszteiret al., 1999
Wanget al, 200Q Burnettet al, 2003 Doss-Pepet al, 2003 Scheekt al, 2003 Chai
et al, 2009.

Ataxin 3 is a protein 0£42 kDa and is predominantly expressed cytoplasijtic
(Paulsoret al, 199%&; Schmidtet al, 1998, even though it is small enough to enter the
nucleus through passive diffusidddrfori et al, 2017). Upon polyglutamine

expansion, in spite of the increase in its molecw@ght which could hinder access to
the nucleus, mutant ataxin 3 accumulates in ubigigd intranuclear inclusions
(Paulsoret al, 199'h). The toxic fragment hypothesis predicts that gobttic cleavage

of the full-length polyglutamine protein initiatdse aggregation process associated with
inclusion formation and cellular dysfunctiodgackeet al, 2006 Takahashet al,

2008.

A toxic cleavage fragment of mutant ataxin 3 wast foroposed to trigger
neurodegeneration biedaet al. (1996) Indeed, the C-terminal fragment of mutant
ataxin 3 is more toxic than the full-length protdikedaet al., 1996 Paulsoret al,

1997; Goti et al, 2009. Understanding the proteolytic mechanism involaed the
cellular protease(s) responsible could unravetrigger mechanism for Machado—
Joseph disease and reveal potential targets faapgheHaacke and colleagues observed
in cell lysates that upon calcium influx, ataxiwas proteolysed by calpains in
fragments that could escape cytoplasmic qualityrobfHaackeet al, 2007 Breueret

al., 2010. This observation was recently confirmed in pat&pecific induced
pluripotent stem cell-derived neuror&oCh et al, 2017). Calpain regulation is
therefore critical and can come about by bindingaipastatin, the only endogenous
calpain-specific inhibitor identified thus fafgkanoet al, 2005. How ataxin 3
cleavage fragments mediate neurotoxicity has nem lezaluated in animal models of
Machado—Joseph disease. Overactivation of calpa@yscontribute decisively to the
pathology by increasing cleavage of ataxin 3 inhginents containing the expanded
polyglutamine segment, which may be able to petesthee nuclear pore, accumulate in
the nucleus and induce neurodegeneration.

Herein, taking advantage of adeno-associated (AAM) vectors for overexpression of
calpastatin, we set out to investigate in a lerdlunouse model of Machado-Joseph
diseaseAlves et al, 2008 and transgenic mice overexpressing calpastatikgnoet

al., 2009 whether and how calpains are involved in the pgéinesis of the disease. We
providein vivo evidence that: (i) proteolysis by calpains is regflifor nuclear
localization of mutant ataxin 3; (ii) inhibition @klpains significantly decreases
neuronal dysfunction and neurodegeneration in asmowdel of Machado—-Joseph
disease; (iii) production of mutant ataxin 3 clegezdragments and the resulting nuclear
localization inversely correlate with calpastagnéls in a dose-dependent manner; and
(iv) calpastatin is depleted from neurons bearingamt ataxin 3 intranuclear

inclusions. In conclusion, we provide new insight® mutant ataxin 3 proteolysis,
nuclear translocation and a resulting role in tAdpgenesis of Machado—-Joseph
disease, which indicate that calpain inhibition rpayvide a new avenue of therapy.

Materials and methods



Animals

Four-week-old C57BL/6J mice (Charles River) weredus'he animals were housed in
a temperature-controlled room maintained on a lighty12 h dark cycle. Food and
water were providedd libitum The experiments were carried out in accordante wi
the European Community directive (86/609/EEC) far tare and use of laboratory
animals. The researchers received adequate trgirelgsa-certified course) and
certification to perform the experiments from th@tBguese authorities (Direccdo Geral
de Veterinéria).

Human brain tissue

Post-mortem human brain tissue from dentate nuel@ssobtained from the tissue
donation program of the National Ataxia Foundatidmneapolis, MN, USA (VA
Medical Centre and Albany Medical College). Theuiss included a control patient
(female, 36 years) and three patients with Machddgeph disease: Patient O (female,
70 years, 67/23 CAG repeats); Patient W (femalejeéizs, 74/22 CAG repeats); and
Patient K (male, 53 years, 69/23 CAG repeats).

Machado—Joseph disease transgenic mice tissue

Cerebella of Machado—-Joseph disease transgenic(licand 15 weeks old,= 2 and
n = 4, respectively)Torashimeet al., 2008 Oueet al., 2009 expressing a truncated
form of human ataxin 3 with 69 CAG repeats, andiwyipe mice 1§ = 3; 20 weeks old)
of an older offspring were dissected and treatedvistern blot analysis.

Production of viral vectors

Lentiviral vectors encoding human wild-type ataQi(ATX-3 27Q) or mutant ataxin 3
(ATX-3 72Q) Alveset al, 2009 were produced in 293T cells with a four-plasmid
system, as previously describektk (Almeidaet al, 2007). The lentiviral particles were
resuspended in 1% bovine serum albumin in PBS.viraéparticle content of batches
was determined by assessing HIV-1 p24 antigendeg¥etro Tek, Gentaur). Viral
stocks were stored at —80°C.

AAV vectors were produced as previously descrilgmdtukhinet al, 1999 Kugler et
al., 2003.

In vivo injection into the striatum

Concentrated viral stocks were thawed on ice. keativectors encoding human wild-
type (ATX-3 27Q) or mutant ataxin 3 (ATX-3 72Q) westereotaxically injected into
the striatum at the following coordinates: anteostprior: +0.6 mm; lateral: £1.8 mm;
ventral:—3.3 mm; tooth bar: 0. Animals were anaesthetized by administration of avertin
(10 ul/g intraperitoneally).

Wild-type and transgenic mice overexpressing caédpiaisreceived a single
injection of 0.2 mg p24/ml lentivirus in each sidleft hemisphere (ATX-3 27Q) and
right hemisphere (ATX-3 72Q). Wild-type mice wereiojected with ul of 0.4 mg



p24/ml ataxin 3 72Q lentivirus anduBof AAV1/2-green fluorescent protein (AAV1/2-
GFP; left hemisphere) or AAV2-calpastatin (AAV2-CRSight hemisphere).

For the western blot procedure, transgenic miceexygessing calpastatin received a
single 2ul injection of 0.3 mg p24/ml lentivirus in each sideft hemisphere (ATX-3
27Q) and right hemisphere (ATX-3 72Q). Wild-typecmivere co-injected with (I of
0.6 mg of p24/ml ATX-3 72Q lentivirus andidl of AAV1/2-GFP (left hemisphere) or
AAV2-CAST (right hemisphere).

Mice were kept in their home cages for 4, 5 or &keebefore being sacrificed for
immunohistochemical or western blot analysis.

Imunohistochemical procedure

After an overdose of avertin (2.5 times,d&) given intraperitoneally), transcardial
perfusion of the mice was performed with a phosplatution followed by fixation
with 4% paraformaldehyde. The brains were removebpmst-fixed in 4%
paraformaldehyde for 24 h and cryoprotected bybation in 25% sucrose/phosphate
buffer for 48 h. The brains were frozen andu®® coronal sections were cut using a
cryostat (LEICA CM3050 S) at —21°C. Slices throughthe entire striatum were
collected in anatomical series and stored in 48-ineg}s as free-floating sections in
PBS supplemented with 0.Q8/1 sodium azide. The trays were stored at 4°C until
immunohistochemical processing.

Sections from injected mice were processed witHdahewing primary antibodies: a
mouse monoclonal anti-ataxin 3 antibody (1H9; 15@hemicon), recognizing the
human ataxin 3 fragment from amino acids F112 9.2 rabbit polyclonal anti-
ubiquitin antibody (Dako, 1:1000); a mouse monoalanti-myc tag antibody, clone
4A6 (1:1000; Upstate, Cell Signalling Solutiong)daa rabbit anti- dopamine- and
cyclic AMP-regulated neuronal phosphoprotein (DARF2 antibody (1:1000;
Chemicon), followed by incubation with the respeetbiotinylated secondary
antibodies (1:200; Vector Laboratories). Boundl@dies were visualized using the
VECTASTAIN® ABC kit, with 3,3-diaminobenzidine tetrahydrochloride (DAB metal
concentrate; Pierce) as substrate.

Double stainings for ataxin 3 (1H9; 1:3000), nuclearker [DAPI (4,6-diamidino-2-
phenylindole), blue] and ubiquitin (Dako, 1:1000)calpastatin (H300, 1:250, Santa
Cruz) were performed. Free-floating sections frajedted mice were incubated at
room temperature for 2 h in PBS/0.1% Triton™ X-boditaining 10% normal goat
serum (Gibco), and then overnight at 4°C in bloglgolution with the primary
antibodies. Sections were washed three times anthated for 2 h at room temperature
with the corresponding secondary antibodies coutgdiorophores (1:200, Molecular
Probes) diluted in the respective blocking solutibime sections were washed three
times and then mounted in FluorSave™ Reagent (@aikim) on microscope slides.

Staining was visualized using Zeiss Axioskop 2 pHeiss Axiovert 200 and Zeiss
LSM 510 Meta imaging microscopes (Carl Zeiss Micraging), equipped with
AxioCam HR colour digital cameras (Carl Zeiss Mianaging) using 5%, 20x, 40x and
63x Plan-Neofluar and a 63x Plan/Apochromat objestand the AxioVision 4.7
software package (Carl Zeiss Microimaging).



Quantitative analysis of fluorescence was performighd a semi-automated image-
analysis software package (ImageJ software).

Cresyl violet staining

Coronal 25um thick striatal sections were cut using a cryoftee-mounted sections
were stained with cresyl violet for 30 s, differiatdd in 70% ethanol, dehydrated by
passing twice through 95% ethanol, 100% ethanolkghahe solutions and mounted
onto microscope slides with Eukitt® (Sigma).

Evaluation of the volume of the dopamine- and cAMRegulated neuronal
phosphoprotein depleted volume

The extent of ataxin 3 lesions in the striatum aaalysed by photographing, with a
1.25x% objective, eight DARPP-32 stained sectionsapémal (25 pum thick sections at
200 um intervals), selected to obtain completaooaudal sampling of the striatum,
and by quantifying the area of the lesion with misautomated image analysis software
package (ImageJ). The volume was then estimatddthet following formula: volume
=d(a; + a; + as...), whered is the distance between serial sections (200 puchga+ a,

+ az are DARPP-32 depleted areas for individual seeations de Almeidaet al,

2009.

Cell counts and morphometric analysis of ataxin 3 ubiquitin
inclusions

Coronal sections showing complete rostrocaudal ag(ne of eight sections) of the
striatum were scanned with a 20x objective. Théyaped areas of the striatum
encompassed the entire region containing ataxmd3uaiquitin inclusions, as revealed
by staining with the anti-ataxin 3 and anti-ubiqudntibodies. All inclusions were
manually counted using a semiautomated image-anagfiware package (ImageJ).
Inclusions diameter was assessed by scanningeheabove the needle tract in four
different sections, using a 63x objective. At |€E3D inclusions showing double
staining for mutant ataxin 3 and GFP or calpastagre analysed using LSM Image
Browser.

Western blot analysis

For assessment of ataxin 3 proteolysis in thedgatimodel of Machado—Joseph
disease, transcardial perfusion of the mice wa®peed with ice-cold PBS containing
10 mM EDTA (ethylenediaminetetraacetic acid) andril@ of the alkylating reagent
N-ethylmaleimide, to avoid post-mortem calpain oc#vation. The injected striata
were then dissected and immediately sonicateddioirmmunoprecipitation assay
buffer [50 mM Tris—HCI, pH 7.4, 150 mM NaCl, 7 mMDEA, 1% NP-40 (nonyl
phenoxypolyethoxylethanol), 0.1% SDS, d@ml DTT (dithiothreitol), 1 mM PMSF
(phenylmethylsulphonyl fluoride), 200 pg/ml leupepprotease inhibitors cocktail].
Equal amounts (3Qg of protein) were resolved on 12% SDS—-PAGE anusteared
onto PVDF (polyvinylidene fluoride) membranes. Inmblotting was performed using
the monoclonal anti-ataxin 3 antibody (1H9, 1:1008gmicon), anti-calpastatin
(H300, 1:200; Santa Cruz), anti-calpain-cleaxespectrin Roberts-Lewist al, 1999




(Ab 38, 1:3000) and anti-actin (clone AC-74, 1:508@@ma) or anti-tubulin (clone
SAP.4G5, 1:15 000; Sigma). A partition ratio witttia or tubulin was calculated
following quantification with Quantity One® 1-D irga analysis software version 4.5.

Statistical analysis

Statistical analysis was performed using Studdrtest or ANOVA for multiple
comparisons. Values &f < 0.05 were considered statistically significant.

Results

Inhibition of calpains in a lentiviral mouse modelof Machado—Joseph
disease reduces the size and number of neuronaliahuclear inclusions
of mutant ataxin 3

In order to investigate the role of calpains in pla¢hogenesis of spinocerebellar ataxia
type 3, we overexpressed the calpain inhibitorasthttin in a lentiviral mouse model of
Machado—Joseph diseagdves et al, 2008. Four-week-old mice were co-injected
bilaterally in the striatum with lentiviral vectoemcoding ATX-3 72Q and AAV vectors
encoding GFP (control, left hemisphere) or calgas{aght hemispheretig. 1) and

were sacrificed 8 weeks post-injection. Mice singlgcted with calpastatin and GFP
were used as a control of AAV transduction. AAV twaes mediate a delayed expression
of calpastatin, when compared with a quicker onfataxin 3 expression upon

lentiviral transduction, due to the necessity afwarsion of the single-stranded genome
into double stranded DNA, especially in non-divglicells Shevtsovaet al, 20095.
Therefore, co-injection of both viral vectors iretmouse brain allowed cells co-
transduction in a phased manner, leading to theldpment of pathology before
maximum expression of the calpain inhibitor 2 weleker.
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Figure 1

Strategy used to generateiarvivo mouse model of Machado—Joseph disease and to
inhibit mutant ataxin 3 proteolysis by calpainsh&uwatic representation of the
lentiviral (LV) constructs used in the developmehthe mouse model of Machado—
Joseph disease. Complementary DNAs encod\)gvld-type (27 CAG repeats) or
(B), mutant ataxin 3 (72 CAG repeats) were clonethéenSIN-W transfer vectorC(
Schematic of the AAV1/2 encoding GFP)(The complementary DNA encoding
calpastatin was inserted into an AAV serotype Xbane, under the control of the
human synapsin 1 gene promoter, which restraingesgn to neuronstj Four-
week-old mice were co-injected bilaterally in thieasum with ATX3-72Q and GFP
(left hemisphere) or calpastatin (right hemisphesz}tors and were sacrificed 5 and 8
weeks post-injection for western blot and immuntdaksemical analysis, respectively
(injection co-ordinates: antero-posterior: +0.6 nfateral: +1.8 mm; ventrak:3.5 mm;
tooth bar: 0). ) Diagram of ataxin 3 showing antibody recognitges used ifrig. 5
hSYN = human synapsin 1; ITR = inverted terminglei@; LTR = long terminal repeat;
NES = nuclear export signal; NLS = nuclear locdl@asignal; PGK =
phosphoglycerate kinase.

Calpain inhibition by calpastatin reduced the simd number of mutant ataxin 3 (ATX-
3 72Q) inclusionsKigs B, D and K andlE) when compared to the GFP transduced



hemisphereKigs 2A, C and K andiE). In this control hemispher€&i@. 2C) and in cells
not infected by calpastatifig. 2D; arrowhead), ATX-3 72Q accumulated in large
intranuclear inclusions with 3.98 pym mean diamatet co-localized with ubiquitin
(Fig. ZE—G). On the contrary, upon calpastatin overexprassutant ataxin 3
inclusions became very small, almost undetectaplubrescence
immunohistochemistryHig. 2D), and ubiquitin pattern was diffusgi. 2H-J). Calpain
inhibition promoted a 2.9-fold reduction in inclass diameter to 1.4 pnkigs 2 and

D and4E) and reduced to 47% the number of N-terminaliat&xnclusions detected
with an anti-myc antibodyHig. 2A, B and K), an effect that was less prominent when
inclusions were counted in brightfield upon imurgtbchemistry with the 1H9
(recognizes amino acids 221-224) or anti-ubigutitibodies (data not shown). This
may be due to the fact that the C-terminal of at&xiincluding the polyglutamine tract,
is more prone to aggregation.
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Figure 2

Inhibition of calpains significantly decreases thember of N-terminal mutant ataxin 3
inclusions, while changing mutant ataxin 3 and ulin aggregation patternA¢K)
Co-expression of mutant ataxin 3 and GFP (left sphere) or calpastatin (right
hemisphere) in the striatum of adult mice, 2 mompibst-injection. A andB)
Peroxidase staining using an anti-myc antibodyényc tag of the N-terminal ataxin



3 (Ab clone 4A6). A significant decrease in the fn@mof N-terminal ataxin 3
inclusions was observed in calpastatin transdueedisphere.@) Fluorescence
staining for mutant ataxin 3 (Ab 1H9, red) localiaa upon co-expression with GFP
(green) or(D) calpastatin (Ab H300, green). Nuclear marker (DAfe) was used. As
expected, in the GFP transduced hemisphere mutaanh& was observed as
intranuclear inclusions. On the contrary, the cellscted with AAV2-calpastatin
showing calpastatin immunoreactivity, presentedlsimeausions almost not depicted.
(E—G) Fluorescence staining for co-localizati@ #ndJ) merge ofe andF orH andli
with nuclear marker DAPI (blue) of mutant ataxi(E3andH, Ab 1H9, green) and
ubiquitin (F andl, antibody anti-ubiquitin DAKO, red). While in tle®ntrol
hemisphere mutant ataxin 3 intranuclear inclus{@&)svere ubiquitinatedr)
particularly within the central core;{J) ubiquitin pattern upon calpastatin
overexpression was rather diffusk.) (Quantification of the absolute number of myc-
positive cells, graph related to panédsghdB). Statistical significance was evaluated
with Student’'s-test = 4, *P = 0.05). SEM = standard error of the mean, CAST =
calpastatin.

Upon co-infection with vectors encoding wild-typevan 3 (ATX-3 27Q) and GFP (left
hemisphere) or calpastatin (right hemisphgig; 1), neither ataxin 3 nor ubiquitin
inclusions were observed. Furthermore, no diffeeendhe subcellular localization of
ATX-3 27Q was observed between the two hemispHhea not shown).

These results suggest that inhibition of calpativiig in the mouse brain prevents
accumulation of mutant ataxin 3 in large intranacl@clusions.

Inhibition of calpains in a lentiviral mouse modelof Machado—Joseph
disease mediates striatal neuroprotection

To monitor the effects of calpastatin overexprassieer neuronal dysfunction induced
by mutant ataxin 3 we performed an immunohistocbaha@nalysis for DARPP-32, a
regulator of dopamine receptor signalliigréengarcet al, 1999 which we have
previously shown to be downregulated in the strratif lentiviral and transgenic
Machado—Joseph disease animal moddiget et al, 2009. Loss of DARPP-32
immunoreactivity in the calpastatin injected saidtemisphere was reduced to 39%
when compared with the GFP transduced hemispke&ye3A-D and G), whereas no
loss of DARPP-32 staining was detected in micengeeted with ATX-3 27Q and GFP
or calpastatin (data not shown). This is indicat¥@ neuroprotective effect provided
by the selective inhibition of calpains.
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Figure 3

Inhibition of calpains prevents cell injury andiatal degenerationA-H) Co-
expression of mutant ataxin 3 (ATX-3 72Q) and Gl hiemisphere) or calpastatin
(CAST, right hemisphere) in the striatum of aduit@ 2 months post-injectionA{D)
Peroxidase staining using an anti-DARPP-32 antibf@yndD) Higher magnification
of A andB. (A andC) A major loss of DARPP-32 immunoreactivity was eb®d in
the striatum infected with ATX-3 72Q and GHP gndD), whereas minor DARPP-32
loss was observed in the striatum infected with A X2Q and calpastatirE @ndF)
Cresyl violet staining offf) ATX-3 72Q + GFP andH) ATX-3 72Q + calpastatin
transduced hemispheres of adult mi€&). Quantification analysis of the DARPP-32-
depleted region in the brains of mice. The lesiolume in the hemisphere infected
with ATX-3 72Q and calpastatin was much smallenttiat in the hemisphere infected
with ATX3-72Q and GFP, indicative of a neuroproteeteffect conferred by the
inhibition of calpainst{ = 4, *P = 0.05). {) Quantification analysis of the pyknotic
nuclei visible in both hemispheres on cresyl vigigtined sections. More pyknotic
nuclei were visible in the GFP transduced hemisphsrggesting that calpastatin
prevented cell injury and striatal degeneratioeradb-injection with ATX-3 72Q. All
the pictures were taken around the injection sg@ and show representative
immunohistochemical stainings. Statistical sig@ifice was evaluated with Studerit's
test o =4, *P <0.01). SEM = standard error of the mean.

Additionally, cresyl violet-stained sections funtftlemonstrated a significant reduction
in the number of shrunken hyperchromatic nucleirugalpastatin overexpressidad.
3E, F and H), indicating that calpain inhibition peats cell injury and striatal
degeneration induced by mutant ataxin 3 expressitime brain of adult mice.

Calpastatin prevents nuclear translocation of mutahataxin 3 in a dose-
dependent manner



We further assessed the involvement of calpaitisarpathogenesis of Machado—
Joseph disease by expressing mutant ataxin 3 imélese striatum upon three
progressively increasing levels of calpastafiin(4), as follows: (i) wild-type animals;
(ii) transgenic mice overexpressing calpastalimk@noet al, 2005 and (iii) animals
injected with AAV vectors encoding calpastatin.
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Figure 4

Inhibition of calpains prevents nuclear translamatand aggregation of mutant ATX-3
in a dose dependent manner. Subcellular localizationutant ataxin 3 (ATX-3 72Q,
Ab 1H9, red) when co-injected with GFP (greem, 4;A), in transgenic mice
overexpressing calpastatin (Tg hCASF 8;B) and when co-injected with calpastatin
(CAST, Ab H300, greem = 4; C andD). Nuclear marker (DAPI, blue) was used. As
the levels of calpastatin increasédtp B andB to C), aggregation in the nucleus was
prevented. D) Calpastatin immunoreactivity (CAST, Ab H300, grges lower in wild-
type (wt) and transgenic mice overexpressing ctpiag Tg hCAST) than in AAV-2
calpastatin injected miceE) Analysis of inclusion diameters showing doubkdrshg

for mutant ataxin 3 with Ab 1H9 and GFP or calptsté™* P < 0.0001).

The mean diameter of mutant ataxin 3 intranucleelusions was reduced to 2.77 um
in transgenic animalg$={g. 4B and E), 1.4-fold smaller than the control, budoRkt



larger than the mean inclusion size when calpaskawels were achieved by viral
transductionKig. 4C and E)Fig. 4D shows the increasing calpastatin protein levels i
transgenic mice overexpressing calpastatin and A#&lpastatin injected mice.

These results suggest that a critical concentrati@alpastatin is necessary to
completely inhibit calpain activity in order to pent mutant ataxin 3 translocation to
the nucleus and aggregation.

Inhibition of calpains reduces ataxin 3 proteolysis

To investigate the mechanism by which calpain itimb modified the subcellular
localization of mutant ataxin 3, thereby preveniiisghuclear localization, neuronal
dysfunction and neurodegeneration, we performedeneblot analysis of brain
punches of mice subjected to the previously desdréxperimental paradigriif. 1E)
but sacrificed at an earlier time point: 5 weekstpnjection. Striatal punches of non-
injected and ATX-3 27Q transduced hemispheres weee as controls. Importantly,
two ataxin 3 fragments 626 and~34 kDa were strongly detected in the brain
hemispheres expressing mutant ataxifig.(5A; arrowheads), but sparingly and not
detected, respectively, in those overexpressing-typpe and only expressing
endogenous ataxin i. 3D); thus confirmingn vivo that mutant ataxin 3 is cleaved
into fragments that accumulate in the brain antlahaild-type fragment may be more
rapidly degraded. Notably, inhibition of calpairgiaity, confirmed by a decreased
immunolabelling of calpain-cleavedspectrin (Ab 38Fig. 5£), a natural substrate of
calpains, decreased by 39% the production ofd@& kDa mutant ataxin 3 fragment
(Fig. 5A and F), which was also detected using a N-terh@nabody (Ab mycFig.

5C) and a C-terminal antibody specific for the pdlygmine stretch (Ab 1CZEig. 5B).
In addition, the formation of the34 kDa fragment was also decreased by 17%, being
this fragment only C-terminal and only generatearfithe mutant proteiri={g. 5G).
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Figure 5

Ataxin 3 proteolysis in the lentiviral mouse modéMachado—Joseph disease is
decreased upon calpastatin overexpression. At Esysest-injection, micen(= 7) co-
injected bilaterally with mutant ataxin 3 (ataxi’3Q) and GFP (left hemisphere) or
calpastatin (CAST, right hemisphere) were saciuifiaed punches of the striatum were
made to perform a western blot analysis with sdarabodies to detect different
epitopes of ataxin 3 proteilA] Ab 1H9, which recognizes amino acids E214-L233;
(B) Ab 1C2, specific for the polyglutamine stretchegent at the C-terminal of ataxin 3;
and C) Ab myc, which recognizes the myc tag locatedhatNi-terminal of mutant
ataxin 3. Two fragments 6f26 and~34 kDa were detected (empty and shaded
arrowheads, respectivelypP) Striatal punches of non-injected and ataxin 3 27Q
transduced hemispherek) (Levels of calpastatin (CAST, antibody H300) amd o
calpain-cleaved-spectrin (antibody 38) are also showmahdG) Densitometric
quantification of~26 and~34 kDa fragments levels of mutant ataxin 3 relatovactin,
shown in panel (n =7, *P = 0.05). The~26 kDa fragment is clearly detected by Ab
1H9, Ab 1C2 and anti-myc in the mutant ataxin 3 gi@rbut faintly in the transgenic
wild-type and not detected in the endogenous atdussample. The-34 kDa fragment is
only detected in the mutant ataxin 3 sample usind A9 and Ab 1C2. SEM = standard
error of the mean.



These results are in accordance with the ‘toxigrfrant hypothesis’ and strongly
support the idea that inhibition of ataxin 3 cleg&dby calpains may be the basis of the
calpastatin neuroprotective mechanism.

Calpastatin is depleted from cells with mutant atain 3 intranuclear
inclusions

Progression of Machado—Joseph disease could bellgdy depletion of calpastatin,
which would accelerate calpains dysregulation @ad ko neurodegeneration. To
investigate this hypothesis, we evaluated the inmorearctivity for calpastatin upon
expression of mutant ataxin 3 in the previouslycdbsd calpastatin transgenic mice
(Takancet al, 2005. Whereas a strong calpastatin immunoreactivity alaserved in
the hemisphere transduced with lentiviral vectorsoeing ATX-3 27Q, a significant
reduction of calpastatin immunostaining by 18%, wlaserved in cells where mutant
ataxin 3 inclusions were presefid. 6A—F and J). Interestingly, iRig. 6, the cell
highlighted with an arrow, where no ataxin 3 inahns were observed, presented a
similar calpastatin immunolabeling to those tramsdiwith ATX3 27Q, contrasting
with the reduced immunostaining detected in this gainted with arrowheads with
large ataxin 3 intranuclear inclusions.
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Figure 6



Calpastatin is depleted from cells with mutant eta&xintranuclear inclusions.
Transgenic mice overexpressing calpastatin (Tg hQA®&re injected bilaterally: wild-
type ataxin 3 (ataxin 3 27Q) in the left hemispheand mutant ataxin 3 (ataxin 3 72Q)
in the right hemisphere and were sacrificed 4 weelst-injection for A-F,J),
immunohistochemistry ands(K), western blot analysis & 6;H). (A—F) Fluorescence
staining for ataxin 3 (Ab 1H9, red; andD), and inB andE, calpastatin (CAST, Ab
H300, green) and nuclear marker (DAPI, blug)}-C) While cells infected with ataxin

3 27Q presented a strong calpastatin immunoreggctivhen ataxin 3 72Q was injected
(D—F), the cells in which intranuclear inclusions wpresent showed nearly no
calpastatin immunolabellingF) Even in the same hemisphere, in opposition taétie
indicated with an arrow, the cells with intranucleeclusions (indicated with arrow
heads) did not overexpress calpastatin, suggetaidhe endogenous calpain inhibitor
was depleted upon mutant ataxin 3 expression. \Webtet analysis with anti-
calpastatin antibody (Ab H300) revealed a decreésalpastatin levels in mutant
ataxin 3 transduced hemisphere compared with itg@ateral hemispher&j; and

also in lysates obtained from dissected cerebéklaMachado—Joseph disease
transgenic mouse model € 5;H) and from dentate nucleus of Patients O, W and K
with Machado—-Joseph diseasg (J) Quantitative analysis of calpastatin
immunoreactivity K = 4, *P < 0.01). K—-M) Densitometric quantification of
calpastatin levels, shown in pan@sl, respectively. MJD = Machado—-Joseph disease;
SEM = standard error of the mean.

Calpastatin depletion was further confirmed by immmhiot analysis of brains from
calpastatin transgenic micgi. 6G and K). Calpastatin levels were reduced by 26% in
the hemisphere where mutant ataxin 3 was overesgulda comparison to the contra-
lateral hemisphere with wild-type ataxin 3 overegsion.

To validate calpastatin depletion in Machado—Joskpdase we analysed calpastatin
levels in patient post-mortem tissue and in a fyang& mouse model of the disease
using western bloflforashimeet al, 2008 Oueet al, 2009. A dramatic 68% reduction
of calpastatin levels was found in the transgerocise model, when compared with
wild-type mice Fig. 6H and L). Importantly, in human tissue we obserthed
calpastatin levels were reduced by 67, 25 and 78anmples from dentate nucleus of
three patients with Machado—Joseph disease compattethe control Eig. 8 and M).

These results indicate that upon mutant ataxinp8ession, calpastatin is depleted,
which may in turn increase calpain activity, ataZiproteolysis, nuclear translocation,
aggregation and toxicity, ultimately triggeringairleast severely aggravating the
pathogenesis of Machado—Joseph disease.

Discussion

In this work, we providén vivo evidence that calpains are proteolytic enzymesluaad
in the pathogenesis of Machado—Joseph diseasdaiiahhibition of calpains reduces
cleavage of mutant ataxin 3, its translocatiorhriucleus, aggregation in nuclear
inclusions, neurotoxicity and neurodegeneration.

The neurotoxicity associated with Machado—Josepbadie has been proposed to be
derived from a mutant ataxin 3 cleavage fragmieidaet al, 1996 Haackeet al.,
2006 Takahashet al, 2008 Kochet al, 2011, which above a critical concentration




becomes cytotoxig3oti et al, 2009. Based on cell an vitro models, mutant ataxin 3
has been reported to be a substrate for caspasesét al, 2004 Junget al, 2009,
subject to autolytic cleavag®buri et al, 2009 and a substrate for calpairtda@ackeet

al., 2007 Kochet al, 201). An additional cleavage site was proposed in asao

model, within the N-terminus of amino acid 190, @fhimight be neither a caspase nor a
calpain product@olomer Goulcet al, 2007.

To clarify this issue, we overexpressed the endogecalpain-specific inhibitor
calpastatin in a lentiviral mouse model of Machaltiseph disease and used transgenic
mice over-expressing calpastatirakanoet al, 2005. This approach overcomes the
use of synthetic peptidic, peptide-mimetic and peptidic calpain inhibitors currently
available, which have problems of specificity, netéc stability, water-solubility

and/or penetration through the blood—brain baftgguchiet al., 2005. Instead of

using the lentiviral model in the rali/es et al, 2009, here we generated an analogous
model in C57BL/6J mice that allows comparison slits with those obtained in the
transgenic mice overexpressing calpastatin, apdeiaousin vivo studies.

As expected, upon mutant ataxin 3 expression,xpareled protein accumulated as
intranuclear inclusions co-localizing with ubiquiin the mouse brairkE{g. 2C and E—
G). A marked loss of DARPP-32 immunoreactivity ankhrge number of pyknotic
nuclei were observedr(g. 3, suggesting cell injury and neurodegeneratiorcolntrast,
when mutant ataxin 3 was co-injected with calpastatspecifically inhibit calpains, a
robust and dose-dependent decrease in the sizeuamgker of C- and N-terminal ataxin
3 inclusions, respectivelyE(g. 2A, B and K) was observed. In addition, the volure o
the region depleted of DARPP-32 immunoreactivitg #re number of pyknotic nuclei
were significantly and robustly decreasédy( 3), indicating that calpain inhibition
prevents cell injury and provides neuroprotection.

Cleavage fragments of mutant ataxin 3, whose axistbas been controversial, were
clearly detecteth vivoin this study. While we were finalizing this work study in
patient-specific induced pluripotent stem cell-ded neurons also reported the
formation of cleavage fragments of mutant ataxup8n I-glutamate or NMDAN-
methyl-d-aspartate) stimulugdch et al, 201). The two studies are concordant on
providing compelling evidence of the involvementafpains in Machado—-Joseph
disease, but not on the trigger for calpain adtivatas in our study, cleavage of mutant
ataxin 3 occurred without overstimulation of glutereceptors.

Cleavage of mutant ataxin Bi@. 5 might occur at amino acid 22Big. 1), giving rise
to two different fragments of similar molecular glei detected by Ab 1H%{g. 5A),
which recognizes the human ataxin 3 fragment frarma acids E214-1.233, Ab myc
(Fig. 5C), an antibody for a myc tag located at the N-teainof the protein and Ab 1C2
(Fig. BB), an antibody specific for the polyglutamine &the present at ataxin 3 C-
terminal Eig. 1F). A simultaneous cleavage at amino acids 60 &dd2oposed by
Haackeet al. (2007)may lead to the finat26 kDa fragment, detected by Ab 1H9.
Cleavage at amino acid 154 may generate a mutaatn@nal~34 kDa fragment only
detected by Ab 1H9g. 5A) and Ab 1C2 Eig. 5B), but not by Ab mycKig. 5C).

These results support the toxic fragment hypothadisating that calpastatin promotes
neuroprotection by decreasing mutant ataxin 3 fexgmroduction, suggesting that the
pathogenesis of Machado—Joseph disease is strasgibgiated with mutant ataxin 3



proteolysis by calpains. As evidenced by the des@aleavage af-spectrin, a
potential biomarker for neuronal cell injurig et al, 2009 and ataxin 3Kig. 5A and
E), upon calpastatin overexpression, proteolysstioér substrates might also be
inhibited as well as other functions regulated bipains under pathological conditions
not addressed in our studies. Recent evidencegsutygt not only the C-terminal
fragment is cytotoxiclkedaet al, 1996 Goti et al, 2009, but that the non-
polyglutamine containing ataxin 3 N-terminus fragmis also toxic and may contribute
to an impaired unfolded protein response in thaqnesis of Machado—Joseph
diseaseHubeneret al, 2011). Our results show that calpastatin overexpredsiads to
a decrease of both fragments formation. Furthetesge that calpastatin exerted
neuroprotection may also be drawn from the sublegllacalization of the ataxin 3
species.

Ataxin 3, when non-expanded, is enriched in themigsm Paulsoret al, 1997,
Schmidtet al, 1998 Goti et al, 2009, but upon polyglutamine expansion the protein
accumulates in the nucleus. This nuclear locabrais required for tha vivo
manifestation of Machado—Joseph disease neuropgthohccordingly, transgenic
mice with 148 CAGs but attached to a nuclear exgigrial only develop a milder
phenotype with few inclusiong8ichelmeieret al, 2007). However, how ataxin 3 enters
the nucleus under pathogenic conditions and folggsegates is a matter of debate. It
has been proposed that CK2-dependent phosphoryldi@rmines cellular localization
(Muelleret al, 2009 and that proteotoxic stress increases nucleati@ation of ataxin

3 (Reinaet al, 2010, while other reports underline the importancewdlear
localization (NLS282) and nuclear export (NES 7@ &A1) signals to ataxin 3
intracellular localizationAntony et al, 2009 Macedo-Ribeircet al., 2009.

Accordingly, we found that the number of inclusialetected with the antibody
targeting the N-terminal ataxin 3 was significaridwer than the amount found when
using the 1H9 antibody (amino acids 221-224) iml§&FP and calpastatin-transduced
hemispheres. This suggests that the C-terminaifead, including the nuclear
localization signal and the polyglutamine streishmore prone to aggregation and
accumulates in higher extension in the nucleuagared to the N-terminal fragment
carrying the nuclear export signal sequen&ehinidtet al, 1998 Goti et al, 2004
Kochet al, 2011 Walshet al, 2005. Furthermore, our results show that proteolysis o
mutant ataxin 3 by calpains is required for itesiacation to the nucleus in a dose-
dependent manneFiQ. 4). As calpastatin levels increase, the diametenatant ataxin

3 inclusions progressively decreaseg (4A: 3.98 um; B: 2.77 um; and C: 1.40 um).
Our results suggest that calpains cleavage bettieemuclear export signals and the
nuclear localization signal discussed above magwatcfor the enhanced transport of
the C-terminal fragment simultaneously carryingniielear localization signal and the
expanded polyglutamine tract of ataxin 3 from th@plasm to the nucleus. Altogether,
calpain activity is required for mutant ataxin 8rtslocation to the nucleus, and this
effect is antagonized by the presence of calpastati

Finally, our studies suggest that upon mutant at@expression calpastatin is depleted
(Fig. 6), in accordance to what was observed in modefdatfeimer’s disease, where
the progression is propelled by a marked deplaifaralpastatin, upstream of calpain
activation Raoet al, 200§. Calpastatin depletion was observed not onlyén t

lentiviral mouse model, but also in a mouse modldlachado—Joseph disease
(Torashimeet al,, 2008 Oueet al, 2009 and in human brain tissue. Rather than simply
its consequence, we speculate that calpastatieti@mpimay progressively lead to




calpain overactivation. Our results suggest thigtaza activation promotes mutant
ataxin 3 cleavage, which in turn translocates ¢ortiicleus and aggregates, and that
during this process calpastatin might also be @dafurther contributing to calpain
overactivation. This observation may also explamlarger diameter of mutant ataxin 3
inclusions in transgenic mice overexpressing caédpiasthan in mice infected with
AAV2-calpastatin Fig. 4). In this experiment, lower calpastatin overexpi@s levels
may have been insufficient to overcome calpastigjletion, and to inhibit and prevent
nuclear aggregation.

In conclusion, we established the connectionivo between mutant ataxin 3
proteolysis by calpains, fragment production andear localization, which contributes
to the elucidation of the pathogenic mechanism atMdo—Joseph disease.
Furthermore, we show that calpastatin, the endaggenalpain-specific inhibitor, is able
to block this mechanism, preventing nuclear tracegion of mutant ataxin 3,
consequent aggregation and nuclear toxicity. Tloeeethese findings indicate that
calpains are promising targets for therapeutiacuaietion in Machado—Joseph disease.
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