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Abreviatures

Il. Abreviatures i acronims

ABP-L: actin binding protein, isoforma L

AD: autosdmica dominant

ADN: acid desoxiribonucleic

AGE: advanced glycation end products

ARNmM: acid ribonucleic missatger

ATP: trifosfat d’adenosina

BAPP: proteina precursora del 3-amiloid

BAG3: BCL2-associated athanogene 3

CAP: Chl-associated protein

cdk5: cyclin-dependent kinase 5

CEL: N-carboxietil-lisina

CHMPZ2B: gen de la chromatin modifying protein 2B
CML: N-carboximetil-lisina

CRYAB: gen de 'aB-cristal‘lina

DES: gen de la desmina

DGCRS: DiGeorge syndrome critical region gene 8
DM1: distrofia midtonica del tipus |

ELA: esclerosi lateral amiotrofica

eNOS: sintasa de I'dxid nitric endotelial o isofoma Ill
ERAD: degradacio6 associada al reticle endoplasmatic
ERK: extracellular signal-regulated kinase

FATZ: filamin, a-actinin and telethonin binding protein of the Z-disc
FHLA1: four-and-a-half LIM domain 1

Fl: filaments intermedis

FLNC: gen de la filamina C

FTD: demencia frontotemporal

FTLD-MND: degeneraci6 del Idbul frontotemporal amb afectaci6 de les
motoneurones

FTLD-U: degeneracié del lobul frontotemporal amb inclusions d’ubiquitina
GFAP: glial fibrillary acid protein

GSK3p: glycogen synthase kinase 343

HE: tincié d’hematoxilina-eosina

HNE: 4-hidroxinonenal

HSP: heat shock proteins
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Abreviatures

HUB: Hospital Universitari de Bellvitge

IBM: miositis amb cossos d’inclusié

IBMPFD: miopatia amb cossos d’inclusio i malaltia de Paget dels dssos
iINOS: sintasa de I'dxid nitric induible o isoforma Il

INP: Institut de Neuropatologia

KO: knockout

LBD3: gen de la LIM domain binding 3 o altrament anomenada ZASP
LINC: linker of the nucleoskeleton and the cytoskeleton
LGMD1A: limb-girdle muscular dystrophy 1A o distrofia muscular de cintura
escapular i pelviana del tipus 1A

MAPK: mitogen activated kinase protein ERK1/ERK2
MAPs: proteines associades als microtubuls

MAPT: gen de la proteina associada als microtubuls tau
MDAL: malondialdehid-lisina

ME: microscopia electronica

MFM: miopaties miofibril-lars

microARN: micro acid ribonucleic

MTOC: centre d’organitzacio dels microtubuls

MUREFs: muscle-specific RING finger protein family
MYOT: gen de la miotilina

N-CAM: neural cell adhesion molecule

NF«B: factor de transcripcié nuclar xB

nNNOS: sintasa de I'dxid nitric neuronal o isofoma |

NO: oxid nitric

NOS: sintases de I'dxid nitric

N-Tyr: 3-nitrotirosina

O,": anions del superoxid

ONOQO': peroxinitrit

PAM: miopaties d’agregats proteics

PGRN: gen de la progranulina

PHF: paired helical filaments

PKC: proteina quinasa C

RAGE: receptor dels advanced glycation end products
RE: reticle endoplasmatic

RN3: ARNasa del tipus Il Drosha

RNS: espécies reactives del nitrogen

ROS: espécies reactives de I'oxigen
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Abreviatures

RT-PCR: real-time polymerase chain reaction

Ser: serina

sHSP: small heat shock proteins

sIBM: miopaties esporadiques amb cossos d’inclusié

SN: sistema nervids

SNC: sistema nerviés central

SNP: sistema nervids periferic

SOD: enzims dismutadors dels anions de superoxid o superoxid dismutases
SSAOQ: oxidasa d’amines sensible a la semicarbacida
TARDBP: gen de la TAR DNA binding protein o la TDP-43
TDP-43: TAR DNA binding protein 43

TG: tincié de tricromic de Gomori

UBA: domini associat a la ubiquitina

UBB™: ubiquitina mutada mitjancant el procés del molecular misreading
UBL: domini tipus ubiquitina

ULFs: unitats longitudinals dels filaments

UPS: sistema ubiquitina-proteosoma

VCP: gen de la valosina

wt: wild type

ZASP: Z-band alternatively spliced PDZ-motif protein

ZM: motiu tipus ZASP
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Introduccio

1.

Introduccio

1.1 MFM

Les miopaties miofibril-lars (MFM) sén un grup heterogeni de malalties musculars
progressives, hereditaries o esporadiques, que es caracteritzen morfoldgicament
per la dissolucié focal de les miofibril-les, 'acumulacié dels productes que resulten
de la degradacié miofibril-lar i I'expressio ectopica de multiples proteines en forma
d’agregats intracitoplasmatics insolubles (De Bleecker et al. 1996, Nakano et al.
1996, Selcen et al. 2004a). Les MFM sén causades per mutacions a diferents
gens, la majoria dels quals codifiquen per proteines sarcomeériques del disc Z o bé
per proteines que resulten indispensables per mantenir-ne la seva integritat.
Aquestes son la desmina (Goldfarb et al. 1998, Munoz-Marmol et al. 1998, Dalakas
et al. 2000, Dagvadorj et al. 2004, Goldfarb et al. 2004, Olivé et al. 2007, Goldfarb
et al. 2008), I'aB-cristal-lina (Vicart et al. 1998, Selcen et al. 2003), la miotilina
(Selcen et al. 2004b, Olivé et al. 2005), la ZASP (Z-band alternatively spliced PDZ
motif-containing protein) (Selcen et al. 2005, Griggs et al. 2007) i la filamina C
(Vorgerd et al. 2005).

No es coneix la freqUéncia relativa de les mutacions dels gens que causen MFM,
pero se sap que la proporcié de mutacions de cada un dels diferents gens trobades
en un grup de 63 pacients afectats de MFM de la Clinica Mayo dels EEUU és de:
6% per al gen de la desmina (DES); 15% al gen de la ZASP (LBD3), 3% al gen de
'aB-cristal-lina (CRYAB); 10% al gen de la miotilina (MYOT) i 3% a gen de la
filamina C (FLNC). Tot i aixi, es creu que encara queden altres gens causatius per
decobrir, ja que al 80% dels pacients d’aquest grup de la Clinica Mayo no se’ls ha
pogut identificar la base genética de la seva MFM (www.genereviews.org; Selcen
and Engel, 2008).

Altres gens que ja s’inclouen en classificacions més amplies de les MFM sén el
gen del FHL1 (four-and-a-half LIM domain 1), el gen del BAG3 (Bcl-2-associated
athanogene-3) o el gen de la plectina (Schroder et al. 2009). De tota manera a la
introducci6 d’aquesta tesi ens centrarem amb la descripcié dels 5 subtipus de MFM
esmentats al paragraf anterior i que sén els que de moment estan més globalment

acceptats dins de la classificaci6é de les MFM.
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Introduccio

1.2 Patologia general de les MFM

Com ja s’ha esmentat anteriorment, el terme miopaties miofibril-lars agrupa

diferents malalties genétiques amb unes caracteristiques morfoldbgiques comunes,

que sobn les segilents:

a)

b)

Mitjancant I'is de técniques histologiques al estudiar les bidpsies musculars
dels pacients s’‘observa en un nombre variable de fibres musculars: la
preséncia d’un material amorfe, hiali o granular que es tenyeix de color
vermellés o blavés amb la tincié modificada del tricromic de Gomori; la reduccid
marcada de l'activitat enzimatica oxidativa a les zones de les fibres on es
troben aquestes alteracions; zones altament congofiliques que es corresponen
amb les estructures hialines i la preséncia de petites vacuoles (ribetejades o
sense ribetejar) que sovint contenen material membrands (Ferrer et al. 2008,
Selcen 2008, Schroder et al. 2009).

L’estudi immunohistoquimic revela I'expressié anormal i ectopica de diverses
proteines en forma d’agregats proteics. Aquests agregats a més de contenir la
corresponent proteina mutada (desmina a les desminopaties, miotilina a les
miotilinopaties, etc.) també n’inclouen moltes d’altres que formen part del disc
Z; de les miofibril-les; del citoesquelet (incloent altres filaments intermedis a
part de la desmina o la distrofina); del nucli; xaperones; proteines del sistema
de degradaci6 proteica ubiquitina-proteosoma (UPS) i del immunoproteosoma;
proteines relacionades amb I'Alzheimer com la proteina precursora del B-
amiloide o la tau fosforilada; marcadors de I'agresoma (y-tubulina), proteines
neuronals, quinases i d’altres com la proteina prionica o la N-CAM (neural cell
adhesion molecule) (Goebel 1995, De Bleecker et al. 1996, Nakano et al. 1996,
Nakano et al. 1997, Dalakas et al. 2000, Goebel et al. 2001, Howman et al.
2003, Olivé et al. 2003, Ferrer et al. 2004, Goldfarb et al. 2004, Olivé et al.
2004b, Selcen et al. 2004a, Olivé et al. 2005, Ferrer et al. 2005a, Goebel et al.
2006, Barrachina et al. 2007, Goldfarb et al. 2008).

L’observacié a nivell ultraestructural, mitjangant la microscopia electronica, de
la progressiva degeneracié miofibril-lar que s’inicia als discs Z i que comporta la
desintegracié dels sarcomers, lacumulaci® de material filamentés en
degradacié, la formacidé d’inclusions hialines de forma i mida variable i la
deslocalitzacié d’organols membranosos com les mitocondries i la seva

degradacié a les vacuoles autofagiques (Selcen et al. 2004a).
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Desminopaties

.-"*"

Fig 1. HE: tincié6 d’hematoxilina-eosina on s’observen dipodsit d’'un materail amorfe, eosinofil
en forma de xarxa o placa mal definida; TG: tincié de tricromic de Gomori on el mateixos
agregats agafen un color vermellés o blavos; ME: microscopia electronica on s’observa
'acumulacié d’'un material granulofilamentoés entre les miofibril-les i sota el sarcolemma. Les
tres imatges inferiors corresponen a tincions immunohistoquimiques utilitzant anticossos
que reconeixen diferents proteines presents als agregtas proteics.

Miotilinopaties

Fig 2. HE: tinci6 d’hematoxilina-eosina on s’observen agregats eosinofils perd també la
preséncia de nombroses vacuoles; TG: tincié de tricromic de Gomori on els agregats
eosinofils anteriors s’observen de color vermellds i blavds; ME: microscopia electronica on
s’observa 'acumulacié d’'un material filamentés i I'agrupacié de mitocondries. Les tres
imatges inferiors corresponen a tincions immunohistoquimiques utilitzant anticossos que
reconeixen diferents proteines presents als agregtas proteics. Observar la morfologia més
compacta d’aquests en comparacié a la dispersi6 o la forma de teranyina que presenten els
de les desminopaties (1er panell).
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Introduccio

1.3 Aspectes clinics de les MFM
Els aspectes clinics 0 manifestacions fenotipiques associades a les MFM sén molt
variades, el nombre de gens candidats a ser-ne els causants no ha parat de créixer

durant els ultims 10 anys (Selcen 2008).

A la major part dels casos el primers simptomes apareixen en edats adultes,
excepte a les desminopaties, que en alguns casos apareix ja en I'adolescéncia. A
trets generals, les desminopaties i les aB-cristal-linopaties tendeixen a manifestar-
se en edats adultes primerenques o mitjanes, mentre que les miotilinopaties,
zaspopaties i filaminopaties acostumen a aparéixer en edats adultes més

avancades (Schroder et al. 2009).

El simptoma clinic inicial més freqlent acostuma a ser I'aparicié de debilitat als
musculs esquelétics de les extremitats inferiors (Schroder et al. 2009). En general
predomina la preséncia de debilitat distal en el moment d’inici dels simptomes, tot i
que també hi ha casos que comencen amb debilitat proximal (Ferrer et al. 2008).
Altres aspectes com sbén la insuficiencia respiratoria, la neuropatia distal i les

cardiomiopaties poden apareixer o no ( Ferrer et al. 2008, Schroder et al. 2009).

1.3.1 Desminopaties

Es el subgrup de les MFM causades per mutacions al gen de la desmina (DES).
L’edat d’aparicié dels primers simptomes és molt variable, entre els 15 i els 40
anys, com també ho és la gravetat amb que aquests es manifesten. Normalment
es presenta en forma de debilitat muscular distal a les extremitats inferiors,
primariament al compartiment anterior, i posteriorment afecta també als musculs
proximals i també als de les extremitats superiors (Goldfarb et al. 2004, Ferrer et al.
2008). Sovint apareix associada a cardiomiopaties sobretot als pacients d’edats
més joves. Aquesta es pot desenvolupar molt abans de I'aparicié dels simptomes
al muscul esquelétic, de manera simultania a aquests o a posteriori (Dalakas et al.
2000). Altres simptomes que poden sorgir al llarg de la progressié de la malaltia o
en fases finals d’aquesta son la insuficiencia respiratoria i la debilitat en els
musculs facials i bulbars, tot i que aquests segons a vegades es produeixen des
d’un inici. El patré d’heréncia acostuma a ser dominant, tot i que les mutacions de
novo no soén infreqiients, i només rarament s’observa un tipus d’heréncia recessiva
(Goldfarb et al. 2004, Selcen et al. 2004a, Ferrer et al. 2008, Selcen 2008).
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La heterogeneitat de fenotips observats i la progressi6 d’aquests es poden
relacionar amb diversos factors: el tipus d’heréncia genética, I'expressié de la
proteina als diferents tipus de teixit muscular i la ubicacié de la mutacié a la
proteina mutada resultant juntament amb I'alteracio de les interaccions estructurals

que aquesta mutacio pot trencar (Goldfarb et al. 2004, Goudeau et al. 2006).

Per exemple, els casos amb edat d’aparicio més primerenca i on els simptomes es
presenten de manera més severa son els que presenten una herencia autosomica
recessiva, mentre que els pacients que mostren una heréencia autosomica
dominant (AD) es caracteritzen per presentar una edat d’inici més tardana i una
progressio de la malaltia més lenta. En aquest grup de pacients amb heréncia AD
s’observen diferents tipus de sindromes: miopatia del muscul esquelétic aillada;
miopatia del muscul esquelétic seguida de l'aparicio de cardiomiopatia; miopatia
del muscul esquelétic seguida de l'aparicié d’insuficiencia respiratoria (sense la
preséncia de cardiomiopatia); cardiomiopatia seguida de I'aparicié de miopatia del
muscul esqulétic i finalment cardiomiopatia aillada. | per acabar cal afegir que les
desminopaties associades amb les mutacions de novo encara representen un grup
més complex, on la variabilitat de fenotips encara és més amplia (Goldfarb et al.
2004).

D’altra banda, tenint en compte la localitzacié de la mutacié a la proteina, s’ha
observat que els pacients amb mutacions al segment 2B de la desmina acostumen
a desenvolupar miopaties del muscul esquelétic, mentre que els que presenten
mutacions al segment 1B o a la regié de la cua manifesten cardiomiopaties de

manera predominant (Goudeau et al. 2006, Goldfarb et al. 2008).

1.3.2 aB-cristal-linopaties

Es el subgrup de les MFM causades per mutacions al gen de I'aB-cristal-lina
(CRYAB). L’aparicié dels primers simptomes és en edats adultes, cap a la
trentena. Es presenta en forma de debilitat muscular simétrica distal i proximal, i
amb insuficiéncia respiratoria. Alguns casos presenten també cardiomiopatia,
debilitat palato-faringea i opacitat a les lents oculars (cataractes). El tipus
d’heréncia és AD (Ferrer et al. 2008, Selcen 2008). A més, també s’ha descrit un
tipus de mutaci6 de l'aB-cristallina que es presenta només amb afectacié
cardiaca, sense haver-hi alteracions a la musculatura esquelética (Inagaki et al.
2006).
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1.3.3 Miotilinopaties

Es el subgrup de les MFM causades per mutacions al gen de la miotilina (MYOT).
L’aparici6 dels primers simptomes acostuma a ser en edats adultes mitjanes o0 més
avancades, entre els 40 i 70 anys. El fenotip clinic més habitual associat a les
mutacions de la miotilina és el de miopatia distal o de miopatia mixta distal i
proximal. Altres simptomes com son la neuropatia periférica, la cardiomiopatia, la
insuficiéncia respiratoria i I'aparicié d’'una veu nasal també poden apareixer (Selcen
et al. 2004b, Olivé et al. 2005). En molts casos el primer simptoma es manifesta en
forma de caiguda del peu causada per la debilitat del muscul tibialis anterior, perd
en estudis posteriors s’ha demostrat mitjangant la técnica de la tomografia
computeritzada (Olivé et al. 2005) que I'atrofia muscular s’inicia al compartiment
posterior de les extremitats inferiors, a diferéncia de les desminopaties (Olivé et al.
2005). Els pacients poden presentar una heréncia del tipus AD o0 no presentar
historia familiar, en aquest cas s’anomenen mutacions de novo (Selcen et al.
2004b, Olivé et al. 2005, Ferrer et al. 2008). Altres fenotips que s’observen a
malalts d’aquest subtipus de MFM, perd amb menor freqiiéncia sén els anomenats
LGMD1A (limb-girdle muscular dystrophy 1A) (distrofia muscular de cintura
escapular i pelviana del tipus 1A) en la qual predomina una distribucié de la
debilitat muscular proximal (Hauser et al. 2000), i la spheroid body myopathy

(miopatia dels cossos esferoides) (Foroud et al. 2005).

1.3.4 Zaspopaties

Es el subgrup de les MFM causades per mutacions al gen de la ZASP (LBD3).
L’edat d’inici dels simptomes també és tardana, entre els 40 i els 70 anys.
Acostuma a comengar amb debilitat muscular distal a les extremitats inferiors, més
concretament al compartiment posterior com també s’observa a les miotilinopaties.
La malaltia progressa lentament i pot afectar als musculs de les mans i produir
també debilitat proximal, que acostuma a ser menys predominant que la debilitat
distal. En alguns pacients també apareixen altres simptomes com la cardiomiopatia
o la neuropatia periférica (Selcen et al. 2005, Griggs et al. 2007, Ferrer et al. 2008,
Selcen 2008). L’heréncia és del tipus AD. Les mutacions descrites que produeixen
aquest subtipus de MFM es poden trobar a I'exd 6 o al 9 del gen que codifica per la
ZASP (Selcen et al. 2005), perd altres mutacions ubicades a I'ex6 4 o al 6 s’han

vinculat amb la preséncia de cardiomiopaties aillades (Arimura et al. 2004).
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1.3.5 Filaminopaties

Es el subgrup de les MFM causades per mutacions al gen de la filamina C (FLNC).
Una altra vegada la presentacié dels primers simptomes és en edats adultes
mitjanes, entre els 37 i 57 anys (0 un promig de 44 anys). Apareix de manera
progressiva en forma de debilitat muscular distal a les extremitats inferiors. Altres
simptomes freqlients sén la insuficiencia respiratoria i les alteracions cardiaques, i
menys freqlientment s’observa també neuropatia periférica (Vorgerd et al. 2005,
Kley et al. 2007).

1.4 Proteines del disc Z que quan estan mutades produeixen MFM

1.4.1 DESMINA: el gen de la desmina (DES) es localitza al cromosoma 2q35,
conté 9 exons i codifica una proteina de 470 aminoacids (aa) amb un pes
molecular d’'uns 53kDa (Li et al. 1989, Viegas-Pequignot et al. 1989). Pertany a la
classe Ill d’homologia de seqiiéncia de la familia de proteines que conformen els
filaments intermedis (FI) del citoesquelet juntament amb la vimentina, la periferina i
la GFAP (glial fibrillary acid protein) (Fuchs et al. 1994). Com altres Fl, la desmina
s’expressa de manera especifica de teixit, n’és el principal a les cél-lules musculars
i com a tal es pot trobar als tres tipus de teixits musculars (esquelétic, cardiac i llis)
(Lazarides 1980a). Durant el desenvolupament del muscul esquelétic dels
mamimfers, la desmina n’és un dels primers marcadors (Kaufman et al. 1988, Furst
et al. 1989), ja que s’expressa en mioblasts en replicacié. La seva expressiod
precedeix la d’altres proteines de I'aparell contractil i fins i tot, la de factors de
transcripcié de la familia myoD que regulen la diferenciacié del muscul, excepte el
myf5 (Ott et al. 1991, Ontell et al. 1993).

Com altres Fl, la desmina presenta tres dominis diferenciats: un domini central de
sequéncia molt conservada entre els diferents Fl i amb estructura d’hélix o que
esta flanquejat per dos dominis de seqiiéncia molt variable i sense estructura
helicoidal, I'extrem amino-terminal anomenat cap i I'extrem carboxi-terminal
anomenat cua (Geisler et al. 1982). El domini central de 308 aa conté quatre
segments helicoidals consecutius anomenats 1A, 1B, 2A i 2B, que estan separats
per tres zones d’unio o linkers: L1, L12 i L2. La conservacio de seqiéncia d’aquest
domini es caracteritza per la periodicitat en la seqiiéncia de 7 residus (heptens),
que permeten la formaci6 d’homodimers de desmina en forma de coiled-coil
(Geisler et al. 1982, Bar et al. 2004). Els coiled-coil consisteixen en I'enrotllament
dels dominis centrals de dues hélix o« de manera paral-lela que formen la unitat

elemental dels filaments de desmina (Burkhard et al. 2001). Altres zones molt
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conservades d’aquest domini entre els Fl son els 30 primers aa del segment 1A i el
final del segment 2B que inclou una de les sequéncies de consens dels FlI
“TYRKLLEGEESRI” (Herrmann et al. 2004). | a més, una regié del centre del
segment 2B anomenada stutter, que consisteix en una discontinuitat de tres
residus dels heptens que permet que les dues cadenes d’hélix o dels dimers siguin

paral-leles just en aquest punt (Herrmann et al. 1999, Strelkov et al. 2002).

El domini del cap de la proteina tot i que és de sequéncia molt variable entre els
diferents FI, presenta un petit segment molt conservat de 9 residus. Es creu que
aquest domini és important perqué hi hagi un assemblatge prou estable dels
tetramers, és a dir, una bona interaccié entre els dos dimers que els formen
(Herrmann et al. 1992). La segona sequéncia de consens dels Fl es troba just
abans de la regi6 1A i consisiteix en 26 aa amb una seqléncia que afavoreix la
conformacio helicoidal en forma de coiled-coil del domini central, per tant es
considera una de les regions del cap de la proteina imprescindible per al posterior
correcte plegament de la proteina i la formacié dels filaments (Herrmann et al.
1998, Bar et al. 2004, Herrmann et al. 2004).

Arg406Tr
Glu401Lys
Asp399Tyr
Asn3931le
Leu392Pro
GIn389Pro
Leu385Pro
Leu370Pro
11e367Phe|
Ala360Pro
Ala357Pro
Arg355Pro
Arg350Trp
Arg350Pro
Leu345Pro
Asn342Asp
Leu338Arg]
Ala337Pro

Asp312Asn Val4591le
Ser4601le

Argl6Cys
Ser13Phe

Ser7Phe || Ser46Tyr/Phe

Ser2lle Glul08Lys

Argl73_Glul79del
Asp214_Glu245del

Ala213Val Glu359_Ser361del
Lys240fsX243 Asn366del
Glu413Lys

Argd15Trp
Pro419Ser

Argd54Trp|
Thr4531le
1le451Met
Lys449Thr|
Thr4421le

Glu439Lys

Fig 3. . Esquema de totes les mutacions identificades en el gen de la desmina (DES). EI domini
central de la proteina esta format pels quatre segments helicoidals (requadres verds) enllagats
per tres zones d’'unié o linkers (segments violeta). Observar la nombrosa representacié de les
mutacions localitzades al segment 2B.
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Finalment la cua de la proteina també intervé en la formacié dels filaments,
concretament en l'associacio lateral dels diferents oligdmers i 'empaquetatge de
les diferents subunitats (Herrmann et al. 1996). Els filaments de desmina es formen
a partir de la uni6 antiparal-lela, lateral i esglaonada de dos dimers idéntics de la
proteina (tetramer) i aquests, s’associen pels seus extrems per formar
protofilaments. Aquests protofilaments sén les unitats longitudinals basiques dels
filaments (ULFs) i s’anellen lateralment i longitudinalment per formar protofibril-les
amb poc grau de compactacié. La unié d’un nombre variable de protofibril-les
forma un filament madur, quan aquest ha adquirit el grau de compactacié radial

necessari (Bar et al. 2004, Herrmann et al. 2004).

Funcio i interaccio amb altres proteines

Un cop diferenciades les cél-lules musculars presenten els filaments de desmina a
nivell dels discs Z dels sarcomers, on enllacen lateralment les miofibril-les entre
elles, i també a nivell del sarcolemma, on enllacen I'aparell contractil a la
membrana cel-lular mitjangant unes estructures anomenades costamers (Lazarides
1980b). Ambdues unions es creuen que es fan a través de diferents isoformes de
la plectina, una proteina que fa de pont entre el citoesquelet i altres estructures
(Hijikata et al. 1999, Schroder et al. 2000, Hijikata et al. 2003, Hijikata et al. 2008,
Konieczny et al. 2008). A més, la desmina també interconnecta 'aparell contractil
amb el nucli i altres organols membranosos, com ara les mitocondries (Reipert et
al. 1999, Milner et al. 2000, Capetanaki et al. 2007). La unié amb el nucli es déna a
través del complex LINC (linker of the nucleoskeleton and the cytoskeleton) (Crisp
et al. 2006). La nesprina 3, un dels components d’aquest complex, també
interacciona amb la plectina (Wilhelmsen et al. 2005, Ketema et al. 2007), i aixi
intervé en aquesta estructura d’enllag entre els FI del citoesquelet nuclear, format
principalment per les laminines A/C i els FI citoplasmics, com la desmina (Houben
et al. 2007). Les unions amb les mitocondries també depenen de la proteina
plectina (Reipert et al. 1999), i tot i que se’n coneix la isoforma especifica i diferent
de les associades als costamers i als discs Z (Rezniczek et al. 2003, Konieczny et
al. 2008), encara se’'n desconeix la proteina mitocondrial amb la qual enllacaria
(Capetanaki et al. 2007). Finalment també trobem desmina a les arees post-
sinaptiques de la placa motora, a les unions miotendinoses del muscul esquelétic i

als desmosomes del muscul cardiac (Bar et al. 2004).
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Models d’estudi i mutacions

A Tany 1996 dos grups van generar un model de ratoli transgénic en el qual
I'expressié de la desmina estava anul-lada, el que s’anomena ratolins knockout
(KO) per la desmina (Li et al. 1996, Milner et al. 1996). Aquests ratolins de fenotip
(des ~ /) presenten defectes en els tres tipus de teixit muscular, perd la seva
arquitectura es veu afectada de manera diferent entre els dos models pel que fa a
'extensio i a linici dels efectes. En ambdoés casos s’observa la pérdua de
l'alineament lateral de les miofibril-les, el trencament del seu ancoratge al
sarcolemma i I'alteracié del funcionament d’algunes mitocondries (Bar et al. 2004).
En el model de Milner s’observa una afectacié primerenca i greu del muscul
cardiac i I'aparicié posterior de la patologia muscular en relacié a 'augment de
'edat i de I'exercici; mentre que en el grup de Li, el fenotip és menys sever i els
canvis en l'arquitectura del muscul apareixen en edats més avangades (Li et al.
1996, Milner et al. 1996, Bar et al. 2004). Pel que fa a les mitocondries dels ratolins
(des /"), s'observa 'augment de la seva mida i nombre, la pérdua del seu correcte
posicionament i finalment la seva degeneracié (Milner et al. 1996, Milner et al.
2000, Bar et al. 2007). Sembla doncs que la preséncia d’'una xarxa de desmina
funcional acompleix funcions essencials mitjancant I'organitzacié en l'espai dels
diferents components cellulars, fet que resulta imprescindible per al correcte
funcionament del muscul (Milner et al. 1996, Li et al. 1997, Thornell et al. 1997
Milner et al. 2000, Bar et al. 2007).

Altres estudis funcionals de la desmina es basen en I'observacié dels efectes que
produeixen les seves mutacions en models de transfeccidé cel-lular. Si se’n vol
estudiar I'efecte en la formacio dels Fl, es fa en un model cel-lular que no en tingui
de propis com sén les cél-lules humanes SW13 de carcinoma adrenocortical; en
canvi si es vol veure el seu efecte en una xarxa de Fl pre-existents s’utilitzen els
mioblasts de ratoli C2C12 (Bar et al. 2007). En cél-lules C2C12, la majoria de les
mutacions puntuals estudiades de la regié de la cua de la desmina exerceixen un
efecte dominant negatiu en la formacié de la xarxa de filaments. Es a dir, no
s’oberva la formacioé d’agregats directament ja que la proteina manté la capacitat
de formar tetramers, i fins i tot d’assolir els segients nivells d’assemblatge dels
filaments. Perd finalment aquests presenten unes propietats alterades i similars a
les descrites en 'estudi de les mutacions puntuals de la regié central de la proteina
2B (Bar et al. 2005, Bar et al. 2007). Es creu que aquest segon model que estudia
'impacte de les mutacions puntuals de la desmina en I'assemblatge de la desmina

wt (wild type) és més interessant, perqué la majoria dels malalts de desminopaties
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sén heterozigots per la desmina mutant i co-expressen també la desmina wt. Per
tant, aquest model mimetitza millor les condicions patofisiologiques de la malaltia
que es produeixen com a resultat de la mescla de la desmina mutada i la desmina
wt (Bar et al. 2007).

L’objectiu d’aquests models és estudiar I'efecte de les mutacions puntuals de la
desmina en la seva capacitat d’assemblar-se en forma de filaments primer, i la
seva posterior organitzacio en forma de xarxa. | el que s’ha vist és que aquests
efectes son dificils de predir per una mutacié donada. Primerament es creia que
aquestes mutacions no permetien la formaci6 de filaments, perd en canvi s’ha vist
que moltes de les proteines mutades si que en permeten I'assemblatge tan in vitro
com en models de tranfeccié cellular. Per tant, actualment es creu que el
mecanisme patologic implicat en aquestes mutacions podria estar més relacionat
amb l'alteracié de les propietats mecaniques de la xarxa de filaments intermedis o
de la seva interacci6 amb altres elements cel-lulars (Capetanaki et al. 2007,
Herrmann et al. 2007, Bar et al. 2009).

1.4.2 oaB-CRISTAL-LINA: el gen de l'aB-cristal'lina (CRYAB) es localitza al
cromosoma 11g22.3-g23.1, conté tres exons que codifiquen una proteina de 175
aa amb un pes molecular aproximat de 20kDa (Brakenhoff et al. 1990). Aquesta
proteina pertany a la familia de les sHSP (small heat shock proteins), que es
caracteritza per la preséncia d’'una seqiéncia molt conservada d’'uns 90 aa a la
zona carboxi-terminal de les proteines sHSP que s’anomena domini crystallin (de
Jong et al. 1993). Aquest domini conservat conté dues regions hidrofobiques riques
en motius que s’estructuren en forma de fulles B connectades per una regid
hidrofilica (Mornon et al. 1998). Aquestes regions hidrofobiques soén llocs
d’interaccié amb altres proteines, ja siguin les proteines diana a les quals hi aplica
la seva activitat xaperona, com altres subunitats de la mateixa proteina o altres
sHSP (HSP20, HSP22 i HSP27) amb les quals pot formar hetero-oligomers i fins i
tot, complexes d’elevat pes molecular (Sugiyama et al. 2000, Fontaine et al. 2005).
Aquest domini conservat esta flanquejat per una regié amino-terminal més
hidrofobica que també esta implicada en ambdoés tipus d’interaccié proteina-
proteina anteriorment esmentades (Ghosh et al. 2005a, Ghosh et al. 2005b); i una
extensié carboxi-terminal més polar i flexible, d’estructura no definida, que es creu
que participa amb la solubilitzaci6 de la proteina i els complexes que forma
juntament amb la proteina diana (Boelens et al. 1998, Carver et al. 1998, Ghosh et
al. 2006, Ecroyd et al. 2009).

27



Introduccio

Funcio i interaccio amb altres proteines

En principi la localitzacié de I'aB-cristal-lina és citosodlica, ja que forma complexes
proteics de mida i estructura variable. Aquests poden arribar a pesar fins a 800kDa
i formen esferes imperfectes amb un forat central i un diametre d’entre 8-18nm
(Haley et al. 1998, MacRae 2000). Aquests grans oligomers o multimers d'aB-
cristal-lina i altres sHSP semblen estar especificament implicats amb l'activitat
xaperona d’aquest grup de proteines conjuntament amb la d’altres HSP d’elevat
pes molecular, com per exemple I’hsp70 (Carver et al. 1998, Welsh et al. 1998). En
canvi, tan al muscul esquelétic com al cardiac, I'aB-cristal-lina també es troba a la
banda | dels sarcomers, al nivell dels discs Z on es creu que interactua amb els
filaments intermedis del citoesquelet, principalment amb la desmina (Atomi et al.
1991); i també amb els filaments d’actina (Bennardini et al. 1992, Ghosh et al.
2007b). Aquestes interaccions amb diferents tipus de filaments del citoesquelet
tenen un rol en la modulacié i reorganitzacié d’aquests quan estan estables o en
condicions normals; pero també estan involucrades en la seva estabilitzacié com a
resposta a diferents tipus d’estrés cel-lular (Djabali et al. 1997, Golenhofen et al.
1998, Golenhofen et al. 1999, Ghosh et al. 2007b). En aquest segon cas, se sap
que a més l'aB-cristal-lina pot interactuar amb altres proteines com la miosina, la
titina i la tubulina (Golenhofen et al. 2002, Melkani et al. 2006, Ghosh et al. 2007a).

Models d’estudi i mutacions

Mitjancant I'estudi de ratolins KO per al gen de I'aB-cristal-lina es va observar que
aquesta és important pel desenvolupament del muscul esquelétic, ja que, tot i que
els ratolins sb6n viables i no presenten defectes perinatals, a mesura que
envelleixen desenvolupen una miopatia progressiva en musculs on predominen les
fibres de tipus | (Brady et al. 2001), possiblement perqué I'expressié d’oB-
cristal-lina acostuma a ser-hi més abundant (Atomi et al. 2000). En un altre model
de ratoli transgénic en el qual es sobrexpressa als cardiomiocits la principal
mutacié de I'aB-cristal-lina que causa MFM (R120G), s’ha observat la preséncia
d’agregats de desmina i aB-cristal-lina, la desestructuraciéo de les miofibril-les i
hipertrofia cel-lular. Aquestes alteracions de les cél-lules cardiaques produeixen
una cardiomiopatia similar a la que presenten alguns dels pacients amb aquesta
mutacié (Wang et al. 2001). Anteriorment ja s’havia descrit la reducci6 de l'activitat
xaperona de l'aB-cristallina amb aquesta mutacié mitjangant I's de models
cel-lulars, i es creu que possiblement aquesta es produeix per lalteracié de

I'estructura quaternaria de la proteina (Bova et al. 1999). Posteriorment, a més de
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la seva tendéncia a formar agregats citoplasmatics, també se’'n va descriure un
augment en la seva fosforilacié i una alteracié de la seva interacci6 amb altres
sHSP mitjangant I'estudi de dos models cel-lulars diferents (cél-lules COS-7 i
cardiomiocits), en els quals s’hi expressava aquesta i altres mutacions de I'aB-
cristallina lligades a les MFM (R120G, Q151X i 464delCT) (Simon et al. 2007).

1.4.3 MIOTILINA: el gen de la miotilina (MYOT) es troba al cromosoma 5q31,
conté 10 exons i codifica per una proteina de 498 aa amb un pes molecular de
57kDa. La seva regido amino-terminal és Unica en seqléncia, conté una zona rica
en residus serina (29-124 aa) amb tres possibles llocs de fosforilacio, i a més
inclou un tram amb 23 aa hidrofobics (57-79 aa). A la sequéncia de la regid
carboxi-terminal s’hi troben dos dominis tipus immunoglobulina (Ig) que so6n
homolegs als dominis Ig 7 i 8 de la proteina titina que es troben associats al disc Z.
La miotilina és una proteina d’expressio restringida al muscul esquelétic, on ho fa
de manera abundant, i al muscul cardiac, de manera més débil. A nivell
subcel-lular es troba a les bandes |, més concretament als discs Z, i en forma part
com a component estructural dels sarcomers. A més, també es pot trobar a
algunes regions de la membrana cel-lular (sarcolemma) i als nervis periférics
(Salmikangas et al. 1999).

Ser_S_SPhe

Ser60Cys domlr“S TIpUS Ig

Lys36Glu Ser60Phe

GIn74Lys

498

The57Ile  Ser95Ile

Fig 4. Esquema de totes les mutacions identificades en el gen de la miotilina (MYOT). Observar
que totes les mutacions descrites es localitzen a la regié rica en residus serina (Ser).
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Funcio i interaccio amb altres proteines

La mictilina interacciona amb l'a-actinina i la filamina C. Amb la primera ho fa
través dels seus primers 215 aa amino-terminals, entre els residus 79 i 150
(Hauser et al. 2000), i amb la filamina C, mitjancant la seva regié carboxi-terminal
(251-447 aa) que conté els dos dominis tipus Ig (Salmikangas et al. 1999, van der
Ven et al. 2000b). Se sap que aquests dominis permeten l'interaccié entre diferents
proteines, i en el cas de la miotilina podrien estar implicats a més en la seva

capacitat de dimeritzar (Salmikangas et al. 1999).

Tan l'a-actinina com la filamina C son proteines d’interaccié amb els filaments
d’actina de I'aparell contractil de les fibres musculars, perd a més la miotilina també
interacciona amb la F-actina directament (Salmikangas et al. 2003). De manera
que les tres proteines formarien un complex d’interacci6 amb lactina, on la
miotilina tindria un paper principal en I'ancoratge dels filaments prims als discs Z.
Aquest paper estabilitzador se li otorga pel fet que, a diferéncia d’altres proteines
sarcomeriques, la seva expressio es produeix durant els darrers estadis de la
diferenciacid cel-lular in vitro; quan el citoesquelet d’actina i els precursors dels
discs Z ja han format els petits cossos I-Z-I i aleshores les miofibril-les comencen a
alinear-se lateralment per formar els futurs sarcomers, a la vegada que els discs Z
es reforcen amb l'incorporacié d’altres proteines (Ojima et al. 1999, Sanger et al.
2005). Per tant, es creu que la miotilina podria tenir un paper crucial en
I'estabilitzacié d’aquests ja que no només s’ubica als discs Z posteriorment a
d’altres dels seus elements, com I'a-actinina i la filamina C; sin6 que a més, quan
se’n altera l'estructura mitjangant experiments de transfecci6 amb la proteina
truncada, s’observa com les miofibril-les en creixement es desestructuren i es
formen agregats de proteines miofibril-lars (Salmikangas et al. 2003). Un estudi
posterior identifica els dos dominis tipus Ig de la miotilina (214-498 aa) com a llocs
d’interacci6 amb l'actina, encara que perqué es produeixi I'accié organitzadora
d’aquesta cal una porci6 més gran de la proteina (185-498 aa). A més, també
s’observa que mutacions de la miotilina relacionades amb les MFM no alteren

aquesta interaccié entre la miotilina i I'actina (von Nandelstadh et al. 2005).

La miotilina també interacciona amb una altra proteina dels discs Z, 'anomenada
FATZ-1 (filamin, a-actinin and telethonin binding protein of the Z-disc), també
anomenada miozenina-2 o calsarcina-1. Aquesta interacci6 amb la regié6 CD2

carboxi-terminal de la FATZ-1 només és possible amb la molécula de miotilina
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sencera potser perque la seva conformacié i/o potencial de dimeritzacid soén
importants perqué aquesta es produeixi (Gontier et al. 2005). A més, la miotilina
també pot interaccionar amb un altre membre de la familia de les calsarcines, la
FATZ-2 (calsarcina-1,miozenina-2) i sembla que ho podria fer de manera similar a
com ho fa amb la FATZ-1, degut a I'elevada homologia que hi ha entre les FATZ
(Frey et al. 2000, Gontier et al. 2005). Com que ambdues proteines (miotilina i
FATZ-1) interaccionen amb la filamina C (Faulkner et al. 2000, van der Ven et al.
2000b, Takada et al. 2001, Frey et al. 2002) es planteja la possibilitat de que hi
hagi competéncia entre elles per establir aquesta interaccio, ja que totes dues ho
fan per la regi6 carboxi-terminal de la filamina C, on hi ha els dominis tipus Ig del
19 al 24. Pero s’ha vist que ambdues proteines contenen més d’un lloc d’interaccié
amb la filamina C i que aquests inclouen tan regions carboxi-terminals com regions
amino-terminals (Gontier et al. 2005). Per tant, ens tornem a trobar amb la
possibilitat que aquestes tres proteines interaccionin entre elles formant un
complex terciari (Gontier et al. 2005) o potser un complex multiproteic
conjuntament amb altres proteines dels discs Z (ex. a-actinina 2), de manera que

s’establirien multiples interaccions simultaniament.

Finalment s’ha descrit que la miotilina també pot interaccionar amb la ZASP, una
altra proteina dels discs Z, i que aquesta interaccié es déna a través d’'un motiu
carboxi-terminal de 5aa que es troba conservat també entre altres proteines del
discs Z com serien les diferents isoformes de FATZ (també anomenades

calsarcines) (von Nandelstadh et al. 2009).

Models d’estudi i mutacions

L’estudi de ratolins transgénics on el gen de la miotilina ha estat suprimit (myo *"")
mostra que aquests es desenvolupen amb normalitat, tenen una esperanca de vida
similar a la dels ratolins control (wt) i mantenen la seva capacitat muscular, fins i tot
en condicions d’estrés fisic. A nivell cel-lular, I'estructura dels sarcomers i la
integritat del sarcolemma tampoc resulta alterada. Es creu que una possible
explicacié d’aquest fet podria ser que altres proteines podrien exercir una funcié
estructural compensatoria a la falta de miotilina, ja que a més s’observa la
regulacio a l'alga de I'expressié de la teletonina, una altra proteina dels discs Z
(Moza et al. 2007).

Tot i aixi, quan s’estudia I'efecte de I'expressié de la mutacié T571 de la miotilina,

també en ratolins transgeénics, si que s’observa un fenotip similar al de les MFM
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causades per mutacions al gen MYOT. La patologia d’aquests ratolins inclou la
desestructuracié dels discs Z, la formacié de vacuoles i la preséncia d’agregats de
miotilina i d’altres proteines associades als discs Z, tot i que la miotilina mutada es
localitza correctament als discs Z (Garvey et al. 2006). A més, si en el mateix
model s’hi afegeix la sobreexpressio de la proteina sense mutacions, és a dir,
miotilina wt, encara apareix un fenotip més sever: amb més degeneracié muscular,

més agregacioé de proteines i una aparicié6 més avancgada (Garvey et al. 2008).

1.4.4 ZASP: el gen de la Z-band alternatively spliced PDZ motif protein (LDB3) es
localitza al cromosoma 10q22.3-g23.2, conté 16 exons i codifica per diferents
formes d’'una mateixa proteina que mitjangant el procés del splicing
(empalmament) alternatiu dona lloc a proteines de diferents longituds i pesos
moleculars, en funcié del teixit on es troba. El muscul esquelétic és el lloc de
maxima expressié d’aquest gen i també ho fa al muscul cardiac, encara que en
menor proporcid. En ambdoés teixits s’hi detecten almenys tres transcrits diferents,
pero a nivell de proteina només se’n detecten dues de majoritaries, una de 32kDa
i una altra de 78kDa (Faulkner et al. 1999). En realitat es creu que hi ha quatre
variants de ZASP en humans: la primera que seria d’uns 283 aa, i dues variants
alternatives més, la segona de 470 aa i la tercera de 617 aa, que també es
trobarien al muscul. Finalment la quarta que es trobaria al cervell, perqué no se’n
ha demostrat la seva preséncia al muscul, es coneix com a KIAA0613 i té 727 aa
(Faulkner et al. 1999). L’estudi de l'ortdleg de ZASP en ratolins, 'anomenat
Cypher, n’ha permés la classificacio de 6 isoformes diferents separades en dos
grups. Tres isoformes serien especifiques del teixit cardiac (Cypher 1c, 2c i 3c) i
les altres 3 (Cypher 1s, 2s i 3s), especifiques del teixit esquelétic (Huang et al.
2003). Aquest mateix grup proposa que els humans també presenten 3 isoformes
de ZASP al muscul esquelétic i tres més al muascul cardiac, perd que les
diferéncies pel que fa al nombre i la reparticid dels exons que les conformen no
coincideixen exactament amb la de les isoformes del gen ortdleg Cypher. Com al
ratoli, totes les isoformes presenten el domini PDZ a la seva part amino-terminal.
Les isoformes del teixit cardiac inclouen I'exd 4 i les de I'esquelétic en comptes
d’'aquest, presenten I'ex6 6 (Huang et al. 2003). La isoforma curta del muscul
esquelétic, a més, presenta un codd de terminacié de transcripcid a I'exd 9 i no
presenta cap domini LIM al seu extrem carboxi-terminal. En canvi les isoformes
llargues, poden o no incloure I'exd 10, perd mai I'ex6 9, i totes elles presenten 3
dominis LIM als seus extrems carboxi-terminals (Selcen et al. 2005). A més, entre

els dominis PDZ i LIM, també es troba una seqiiéncia interna de 26 aa molt
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conservada entre algunes de les proteines que també presenten ambdds tipus de
dominis. Aquesta seqiiéncia conforma els anomenats dominis ZM i coincideix amb
els exons 4 i 6 de ZASP (Klaavuniemi et al. 2004).

Funcio i interaccio amb altres proteines

Tan els dominis PDZ com els dominis LIM sén importants per les interaccions entre
proteines. El domini PDZ de ZASP interacciona amb l'a-actinina 2, el component
maijoritari dels discs Z on hi enllaga els filaments prims d’actina i la titina (Faulkner
et al. 1999, Faulkner et al. 2001). De fet s’ha proposat la formacié d’'un complex
terciari entre la ZASP, I'a-actinina 2 i la titina, on el domini PDZ amino-terminal de
la ZASP interaccionaria amb el domini tipus calmodulina carboxi-terminal de l'a-
actinina 2, i a la vegada aquesta interaccionaria amb les repeticions Z de la titina
mitjangant una superficie d’'unié diferent (Au et al. 2004). D’aquesta manera la
ZASP forma part de lI'entremat de proteines que conformen els discs Z dels
sarcomers tan del teixit esquelétic com del cardiac (Faulkner et al. 1999). D’altra
banda, se sap que els dominis LIM que presenten algunes de les isoformes de
Cypher interaccionen amb la proteina quinasa C (PKC) (Zhou et al. 1999). A més,
els dominis ZM sembla que podrien estar implicats amb un segon tipus d’interaccié
amb l'a-actinina 2, és a dir, que hi interaccionarien per una regi6 diferent de per on
ho fan els dominis PDZ (Klaavuniemi et al. 2004, Klaavuniemi et al. 2006). Tot i aixi
encara no és té clar quina funcié tindria aquesta segona interaccié, ja que al
estudiar I'efecte de les mutacions dels dominis ZM que han estat implicades amb
malalties del muscul cardiac (Vatta et al. 2003) i de I'esquelétic (Selcen et al.
2005), no s’ha trobat cap alteracié de la seva colocalitzaci6 amb I'a-actinina
(Klaavuniemi et al. 2006).

La ZASP interacciona també amb les diferents isoformes de la FATZ (també
anomenades calsarcines), i sembla que no ho fa de manera especifica d’isoforma
ja que s’ha comprovat tant per la isoforma ZASP/Cypher 1 com per la
ZASP/Cypher 2 (Frey et al. 2002). A més, es creu que aquesta interaccid podria
fer-se mitjangant un motiu carboxi-terminal que també es troba conservat en
d’altres proteines com la miotilina, la paladina i la miopaladina, i que sembla que
els permet interaccionar amb els dominis PDZ que tenen diverses proteines de la

familia Enigma, entre elles la ZASP (von Nandelstadh et al. 2009).
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Models d’estudi i mutacions

L’estudi de ratolins transgénics que sén nuls o KO tan per cypher 1 com per cypher
2 (cypher /), mostra que aquests animals presenten una elevada mortalitat
perinatal. Aquesta segurament es deu a la no funcionalitat de molts dels seus
musculs estriats. A nivell ultraestructural es pot observar que tan els musculs
esquelétics com el cardiac presenten desorganitzacié i fragmentacié de la linia Z
dels sarcomers. Sembla que la preséncia de cypher 1 i 2 no és necessaria perqué
els musculs es formin durant el desenvolupament, perd en canvi si que ho és per

mantenir-ne la seva funcionalitat un cop formats (Zhou et al. 2001).

A més, al introduir mutacions a la proteina mitjancant estudis in vitro de
cardiomiocits transfectats, s’ha vist que quan les mutacions es troben al domini
PDZ poden impedir la interaccié6 de cypher amb l'a-actinina 2 i també la seva
localitzacié a la linia Z (Zhou et al. 2001). Posteriorment, en estudis amb els
mateixos ratolins nuls per cypher en els quals se’ls rescatava I'expressié de
lisoforma curta o la llarga del mascul esquelétic d’aquesta proteina (Cypher 2s o
3s), es va aconseguir fer-los sobreviure com a minim durant un any, tot i que

continuaven mostrant signes de patologia muscular (Huang et al. 2003).

1.4.5 FILAMINA C: el gen de la filamina C, y-filamina o també ABP-L (FLNC) es
troba al cromosoma 7q32-g35, conté 46 exons i codifica per una proteina de 2.705
aa amb un pes molecular de 289kDa (Gariboldi et al. 1994, Xie et al. 1998). La
filamina C és la isoforma de les filamines especifica del muscul estriat, tan de
'esquelétic com del cardiac. Al primer es troba als discs Z i a les unions
miotendinoses, i al segon la trobem als discs intercalars (van der Ven et al. 2000a).
Les filamines sén proteines d’uni6é a l'actina, al cap de cada una de les isoformes
de la proteina (extrem amino-terminal) hi trobem el seu domini d’'uni6é a l'actina i a
continuacié es succeeiexen 24 dominis tipus immunoglobulina (Ig). La filamina C
conté, a diferéncia de les altres isoformes (A i B), una insercié de 78 aa enmig del
domini tipus Ig numero 20 que és el responsable de la seva localitzacié als discs Z
(van der Ven et al. 2000b). A més, el domini tipus Ig més carboxi-terminal, el n°® 24,
és el responsable de la seva capacitat de dimeritzar, fet imprescindible perqué
pugui dur a terme la seva activitat d’interconnexioé de l'actina (Himmel et al. 2003).
Aquesta capacitat de dimeritzar sembla que podria estar regulada per una regi6 de
35 aa poc conservada, que es troba entre el dominis tipus Ig 23 i 24 de totes les
isoformes de la filamina i que s’anomena hinge 2 (regi6é frontissa) (Himmel et al.
2003).

34



Introduccio

Funcio i interaccio amb altres proteines

La filamina C és una proteina de doble localitzaci6 a les fibres musculars, ja que a
part de trobar-se als discs Z de les miofibril-les, també n’hi ha a nivell del
sarcolemma, al anomenat complex de la distrofina i les glicoproteines, on
interacciona amb els sarcoglicans y i & (Thompson et al. 2000). La interaccié amb
aquest complex estructural tan important del sarcolemma de les fibres musculars
juntament amb la seva capacitat de interconnectar els filaments d’actina podria
implicar la participacié de la filamina C en algun mecanisme de tranduccié de
senyals des de la matriu extracel-lular al citoesquelet d’actina (Thompson et al.
2000, Stossel et al. 2001, Popowicz et al. 2006).

Una de les altres proteines que interecciona amb la filamina C és la miotilina, com
s’esmenta a 'apartat referent a aquesta proteina, ho fa just per la insercié de 78 aa
del domini tipus Ig 20 especifica d’aquesta isoforma de les filamines, fet que
'ancora de manera indirecta a I'a-actinina dels discs Z (van der Ven et al. 2000b).
A més, com també queda descrit a I'apartat de la miotilina, la filamina C també
interacciona amb les miozenines, també anomenades FATZ i calsarcines (Faulkner
et al. 2000, Takada et al. 2001, Frey et al. 2002, Gontier et al. 2005). Sembla que
el lloc d’interaccié de la miozenina podria localitzar-se a al domini tipus Ig 23 de
I'extrem carboxi-terminal de la filamina C, molt a prop pero diferent del lloc d’'unié
de la miotilina que es trobaria al domini tipus Ig 20 (Takada et al. 2001). El que
resulta més interessant de la relacié d’aquestes tres proteines és que la interaccio
de la filamina C, també mitjancant la seva regi6é carboxi-terminal, amb la subunitat
B1A de lintegrina (proteina de membrana) permet la connexi6 d aquestes

proteines del disc Z amb el sarcolemma (Gontier et al. 2005).

La filamina C també interacciona amb la proteina Xin (van der Ven et al. 2006),
proteina que es troba de manera abundant als discs intercalars de les cél-lules del
muscul cardiac i a les unions miotendinoses de les cel-lules del muscul esquelétic,
en ambdods casos forma llocs especialitzats d’'unié de les miofibril-les amb el
sarcolemma (Pacholsky et al. 2004). A més, en aquest tipus d’estructures
d’ancoratge a la membrana que també inclouen els costamers, la filamina C
interacciona amb la CAP (Cbl-associated protein), una proteina adaptadora que
interacciona amb proteines senyalitzadores i proteines del citoesquelet (Zhang et
al. 2007).
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Models d’estudi i mutacions

Principalment trobem dos models desenvolupats pel mateix grup, on I'expressié de
la filamina C ha estat reduida o eliminada. El primer consisteix en reduir-ne la seva
expressié en mioblasts de ratoli C2C12 mitjangant ARN d’interferéncia. En aquest
cas s’observen problemes en la diferenciacié d’aquests mioblasts i la seva fusio,
fet que desemboca en la formacidé d’una espécie de “mioboles” multinucleades. El
segon model consisiteix en ratolins transgénics nuls per la filamina C, que
presenten una mort prematura després del seu naixement, degut a dificultats
respiratories. Es creu que aixo es produeix perque els seus musculs presenten una
reduccié en el nombre de fibres musculars i de miotubs primaris, fet que indicaria
'existéncia de defectes durant la miogénesis primaria dels musculs d’aquests
ratolins (Dalkilic et al. 2006).

1.5 Mecanismes patologics

1.5.1 L’estrés oxidatiu i nitratiu

La producci6é de radicals lliures, tan si es tracta d’espécies reactives de I'oxigen
(ROS) com del nitrogen (RNS), és un fendmen ampliament distribuit que es déna
tan en condicions patoldogiques com de manera fisioldgica. A les cél-lules
musculars, igual que a la resta de cel-lules eucariotes, la principal font de ROS so6n
les mitocondries, on mitjancant el transport d’electrons a través de la cadena
respiratoria es produeix ATP amb consum d’oxigen i produccié d’anions de
superoxid (Murrant et al. 2001). D’altra banda, la principal RNS que es produeix al
muscul esquelétic és el peroxinitrit (ONOQO’), una molécula molt reactiva que es
produeix rapidament quan els anions del superoxid (O2) reaccionen amb [I'0xid
nitric (NO) que produeixen les sintases de I'0xid nitric (NOS) (Nakaki et al. 1999). A
les fibres musculars esquelétiques s’expressen les tres isoformes de les NOS
[NNOS(I), INOS(Il) i eNOS(II)]. La nNOS es troba restringida a les proximitats del
sarcolemma on s’uneix al complex de la distrofina, condicié en la qual es creu que
resta inactivada. La eNOS es localitza principalment a I'interior de les mitocondries,
mentre que la iINOS esta relacionada amb processos inflamatoris, tot i que també

es troba al citoplasma de les fibres musculars sanes (Stamler et al. 2001).

Donada I'elevada reactivitat de les ROS i les RNS, les cél-lules han desenvolupat
sistemes de “defensa”; o el que altrament s’Tanomenen respostes antioxidants (ex.
la catalasa, les dismutases del superoxid, el glutatié i la seva peroxidasa, etc.); per
mantenir sota control els nivells d’aquestes substancies, i aixi impedir que

reaccionin i alterin les macromolécules de la céllula (acids nucleics, lipids,
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proteines i polisacarids) (Yu 1994). Es parla d’estrés oxidatiu/nitratiu quan la
produccié de les ROS/RNS i els danys que aquestes causen superen els nivells i
I'eficiencia de les respostes/defenses antioxidants i dels sistemes de reparacié

d’aquests danys.

Spontaneous
0.+ H' - HOO™
02~ +02™ + 2H" - H,0, + O,
02~ + Fe** — Fe?* + 0, + H,0,
H,0, + Fe** = Fe** + OH + "OH
0;" + NO = ONOO~
ONOO~ + H'* = ONOOH
ONOOH — OH + NO,
2NO + 0, + H,0 — 2NO,
Enzymatic
s0D
207 + 2H* —H,0, + O,
CAT

H,0,—2H,0 + 0,

GPX
H,0, + 2GSH — GSSG + 2H,0

*03", superoxide; H,0,, hydrogen peroxide; OH, hydroxyl radical; HOO™, hy-
droperoxyl radical; NO, nitric oxide; ONOO™, peroxynitrite; NO;, nitrogen diox-
ide; ONOOH, peroxynitrous acid; SOD, superoxide dismutase; CAT, catalase;
(:;SHl reduced glutathione; GPX, glutathione peroxidase; GSSG, oxidized gluta-
thione.

Fig 5. Esquema d’algunes de les diverses reaccions i interaccions en les quals
participen les ROS i les RNS (Murrant et al. 2001).

Tot i que les cél-lules musculars sén particularment propenses a acumular dany
oxidatiu amb el pas del temps (Yan et al. 2004, Kanski et al. 2003, Grune et al.
2005, Piec et al. 2005), també els processos patologics en general en sén causa
d’'increment i el muscul esquelétic no n’és cap excepcié. Si ens centrem amb les
malalties musculars, la toxicitat deguda a la preséncia de radicals lliures s’ha
vinculat amb la patogénia d’'una amplia varietat de malalties que inclouen:
miopaties i miositis amb cossos d’inclusié (IBM) (Yang et al. 1996, Yang et al.
1998), miopaties mitocondrials (Esposito et al. 1999), miopaties distals amb
vacuoles ribetejades (Tsuruta et al. 2002, Tateyama et al. 2003), distrofinopaties
(Haycock et al. 1996, Rando 2002, Rodriguez et al. 2003) i miopaties inflamatories
(Tews et al. 1998, Haslbeck et al. 2005).
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Per exemple, les fibres vacuolades presents a les IBM i a les miopaties per cossos
d’inclusié queden marcades immunoreactivament tan per les sintases de I'dxid
nitric neuronal i I'induible (NNOS, iINOS) com per a la nitrotirosina (Yang et al.
1996, Yang et al. 1998). També s’observa un increment dels nivells de carbonils, i
per tant del dany oxidatiu proteic, aixi com del dany causat per radicals lliures al
ADN, en musculs de malalts de distrofies musculars de Duchenne i de Becker i
altres distrofies musculars (Haycock et al. 1996, Rando 2002, Rodriguez et al.
2003). A les miopaties inflamatodries, també es troben increments en els nivells de
proteines modificades per carbonils, com indiquen els nivells de carboximetil-lisina
(CML) que s’observen tan a les fibres en degeneracio i regeneraci6, com a les
cél-lules inflamatories (Haslbeck et al. 2005). Pel que fa a les MFM, no es coneix
'impacte que pot tenir el dany oxidatiu en la patogénia de la malaltia, perd s’ha
descrit la sobreexpressié de l'oxidasa d’amines sensible a la semicarbacida
(SSAOQ); considerada un indicador de I'estrés oxidatiu present en diferents teixits;

en fibres musculars amb agregats proteics (Olivé et al. 2004a).

Una de les maneres d’estudiar la preséncia de I'estrés oxidatiu i/o nitratiu en un
teixit és avaluar-ne I'expressié de diferents marcadors a les mostres de pacients
amb una determinada patologia i comparar-les amb mostres sense alteracions o
mostres control. Hi ha marcadors especifics dels productes de les reaccions de
glicoxidacio, de lipoxidacido i de nitraci6. Com a evidéncia bioquimica de la
glicoxidacio es pot utilitzar el marcatge amb anticossos contra els AGE (advanced
glycation end products) i els seus receptors (RAGE), la CML (N-carboximetil-lisina)
i la CEL (N-carboxietil-lisina). Tant els AGE com la CML i la CEL sén grups
carbonils generats per reaccions secundaries i no enzimatiques de sucres
reductors o els seus productes d’oxidacié (derivats de carbonils reactius) amb els
residus lisina de les proteines (reaccions de glicacié/glicoxidacio) (Dalle-Donne et
al. 2006). Com a marcadors de la lipoxidacié es troben anticossos que reconeixen
adductes del malondialdehid (MDAL) i del 4-hidroxinonenal (HNE), ambdés sén
productes tardans de les reaccions de peroxidacié dels lipids (Uchida 2003,
Petersen et al. 2004). La deteccié de la nitraci6 es pot realitzar mitjancant
anticossos contra la 3-nitrotirosina (N-Tyr), ja que aquesta marca les proteines
modificades per peroxinitrit (Beckman et al. 1996). Una altra aproximacié que
també pot resultar util és I'estudi d’altres indicadors com podrien ser els enzims
productors de I'0xid nitric (nNOS, eNOS i iINOS) o enzims relacionats amb la
regulacié de l'estat redox de la cél-lula, per exemple els enzims dismutadors dels

anions de superoxid (SOD), entre d’altres.
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El possible rol de I'estrés oxidatiu i/o nitratiu en la cascada patogénica de les MFM
ha estat poc estudiat, perd és un tema d’interés ja que tant les proteines oxidades
com les nitrades poden presentar propietats anomales que poden arribar a impedir
el seu correcte funcionament. A més a més, les proteines oxidades poden debilitar
el sistema de degradacié proteica ubiqlitina-proteosoma (UPS) i com a

consequéncia afavorir 'acumulacio de proteines (Davies 2001).

1.5.2 El proteosoma i 'UPS

A les cél-lules dels mamifers trobem diferents tipus de proteases encarregades de
la degradacié general de les proteines dels diferents compartiments cel-lulars.
Deixant de banda les caspases, que sén proteases especialitzades i de substrat
molt especific, trobem el proteosoma (20S o 26S) que s’encarrega de la
degradacié de les proteines citosoliques i nuclears més solubles (Coux et al.
1996); les catepsines lisosomals que degraden principalment proteines
extracel-lulars que arriben al lisosoma via endocitosis, algunes proteines
citosOliques de vida llarga que sbén translocades directament a través de la
membrana lisosomal i proteines d’ altres organols intracel-lulars mitjangant
processos de micro/macroautofagia (Pillay et al. 2002, Bechet et al. 2005); les
calpaines que degraden proteines citoesquelétiques en resposta a augments del
calci intracel-lular (Goll et al. 2003, Goll et al. 2008); i les proteases mitocondrials

que s’encarreguen del reciclatge proteic intramitocondrial (Tatsuta 2009).

El proteosoma és el component essencial del sistema de degradacio proteica amb
consum d’ATP de les cél-lules eucariotes. Es un complex proteic format per moltes
subunitats amb diverses activitats catalitiques i es pot trobar de dues formes
diferents, la 20S (700kDa) i la 26S (2000kDa). Hi ha una tercera forma menys
abundant anomenada immunoproteosoma que consisteix en el nucli 20S (amb tres
de les seves subunitats substituides) i dues particules reguladores 11S, també
anomenades PA28. El proteosoma 20S conté el centre catalitic amb varies
activitats peptidases, mentre que el 26S esta format pel nucli 20S unit a dos
particules reguladores 19S, les quals presenten activitat ATPasa i zones de
reconeixement de les cadenes de poliubiquitina (Rivett 1993, Coux et al. 1996,

Shringarpure et al. 2001).
El proteosoma 26S utilitza la conjugacié de les proteines amb l'ubiquitina com a
marcatge de les proteines que cal degradar, cosa que fa mitjangant els enzims E1,

E2 i E3, de tal manera que tot aquest mecanisme de degradacié de proteines
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marcades amb ubiquitina reb el nom de sistema ubiquitina-proteosoma (UPS). Les
proteines queden marcades per a ser degradades via el proteosoma 26S
mitjangant la uni6 covalent de varies ubiquitines, fet que s’anomena
ubiquitinitzacié. El primer pas consisteix en I'activacio de la ubiquitina mitjangant
I'enzim E1 (enzim activador de I'ubiquitina), reaccié que requereix el consum d’ATP
per tal d’'aconseguir unir la ubiqiitina a I'enzim E1. A continuacié, un dels enzims
E2 (enzims conjugadors de l'ubiqitina) transfereix la ubiqiitina de I'enzim E1 a la
proteina substrat, que a la vegada esta unida de manera especifica a un dels
enzims E3 (lligases de I'ubiqitina). A més, el proteosoma 26S requereix el consum
d’ATP per tal de desplegar la proteina substrat, i degrada principalment proteines
marcades amb ubiquitina. Les seves particules reguladores 19S contenen
hidrolases d’ATP, proteines d'uni®é a les cadenes d'ubiquitina i enzims
desubiquitinitzants; per tant sén imprescindibles per a reconéixer les proteines
conjugades amb ubiquitina, desubiquitinitzar-les i desplegar-les perqué puguin
accedir al centre catalitic del proteosoma (Coux et al. 1996, Shringarpure et al.
2001, Glickman et al. 2002). Aixi doncs, molts substrats del proteosoma 26S so6n
proteines reguladores de vida curta, les quals sovint no estan ni danyades ni
desnaturalitzades i per aix0 necessiten el marcatge mitjangcant un “pedac¢”
hidrofobic extern en forma de cadena de poliubiquitina (Beal et al. 1998). A més
com que aquestes proteines conserven la seva forma nativa, la seva degradaci6 a
més de ser dependent d’ubiquitina, també ho és del consum d’ATP (Shringarpure
et al. 2001).
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Fig 6. Esquema de I'estructura i del funcionament de 'UPS.
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En canvi, s’ha descrit que les proteines oxidades es degraden de manera preferent
al poteosoma 20S, sense consum d’ATP ni marcatge d’ubiquitina (Davies 2001).
Es creu que les zones hidrofobiques que queden al descobert a les proteines
oxidades poden ser reconegudes pel proteosoma 20S (Grune et al. 1997), el qual
a més de presentar les tres activitats peptidasa basiques (la tipus quimotripsina, la
tipus tripsina i la hidrolasa de péptids peptidilglutamil) també les pot mantenir en
condicions d’augment de les ROS (Reinheckel et al. 1998). Cal afegir que
contrariament al que es creia, la quantitat de proteosomes 20S és més de dues
vegades superior a la de proteosomes 26S present a les célllules de mamifers
(Brooks et al. 2000). Considerant tots aquests aspectes, el proteosoma 20S és vist
com una defensa de la cel-lula vers al dany oxidatiu, que mitjangant la degradacio
de les proteines lleugerament oxidades pot evitar-ne la seva reacci6 creuada i la

posterior formacié d’agregats (Davies 2001, Shringarpure et al. 2001).

A les céllules del muscul esquelétic, la major part dels proteosomes 20S detectats
es troben intimament lligats a les miofibril-les i presenten una distribucié
sarcomérica (Bassaglia et al. 2005). A les MFM i a les IBM (miositis per cossos
d’inclusié) s’observa la preséncia de les diferents subunitats del proteosoma i de
'immunoproteosoma associades als agregats proteics intracel-lulars (Ferrer et al.
2004). A més, es creu que la degradacié de les proteines oxidades pel
proteosoma 20S podria estar inhibida o disminuida en persones d’edat avancada i
malalties neuromusculars inflamatories com la IBM (Davies et al. 2006). Per tant,
no seria d’estrenyar que en daltres malalties musculars com les MFM, on els
agregats proteics s6n més prominents que els de les IBM, lactivitat del
proteosoma per degradar proteines oxidades hagués quedat d’alguna manera
sobrepassada. Pero I'observacié del manteniment de I'activitat del proteosoma, ja
sigui en mostres de pacients amb MFM (Ferrer et al. 2004) com en un model de
ratoli transgénic de les desminopaties (Liu et al. 2006), fa pensar que la possible
alteraci6 del proteosoma a les MFM segurament no es deu a una disminuci6 de la
seva activitat enzimatica, sind potser a la dificultat d’algunes proteines per accedir
al seu centre catalitic donat I'elevat grau d’agregacié d’aquestes proteines (Ferrer
et al. 2008).

1.5.3 Els agregats proteics i 'agresoma
Els agresomes son inclusions citoplasmatiques sense membrana i de localitzacié
pericentriolar, que contenen proteines desplegades i ubiquitinades. Aquestes

inclusions sovint es troben envoltades per una “caixa” de filaments intermedis i la
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seva formacié es produeix al centre d’organitzacié dels microtubuls (MTOC)
(Johnston et al. 1998). Es considera que la formacié de l'agresoma és una
resposta cellular general que es produeix quan la capacitat del proteosoma per
eliminar les proteines mal plegades i amb tendéncia a formar agregats queda
excedida (Johnston et al. 1998, Kopito 2000). S’han proposat models alternatius
per explicar la formacié dels cossos d’inclusié que es troben en moltes malalties
amb preséncia d’agregats proteics, un d’ells consisiteix en considerar-los agregats
d’agregats. Es a dir, que els cossos d’inclusié es formarien per la convergéncia de
diferents agregats petits en un d’Unic més gros, o en un nombre limitat d’aquests
(Kopito 2000). Aquest model implicaria I'existencia d’'un transport retrogad dels
agregats cap als agresomes que es faria mitjangant la xarxa de microtubuls. Un
cop formats, el manteniment de la seva estructura esta associat a la y-tubulina
(Johnston et al. 1998, Johnston et al. 2002).

Es creu que la formacié dels agresomes esta intimament relacionada amb
I'expressio de proteines mal plegades; ja sigui perquée sén proteines mutants o
perqué estan oxidades; I'envelliment cellular i la inhibici6 o disfuncié del

proteosoma (Grune et al. 2004).

Sembla que tot comenga amb la formacié d’agregats proteics. Els agregats
proteics s6n complexes oligomerics de proteines sense plegar o mal plegades que
normalment no es troben unides les unes a les altres; so6n insolubles i
metabolicament estables en condicions fisioldogiques normals (Johnston et al.
1998). Es creu que un 30% de les proteines de nova sintesi queden mal plegades
(Fabunmi et al. 2000), per aix0 la cel-lula ha desenvolupat tot un sistema de control
de la qualitat de les proteines que es produeix majoritariament al reticle
endoplasmatic (RE) i que és conegut amb el nom d’ERAD (degradaci6 associada
al RE). El procés d’ERAD es basa en la retrotranslocacié de les proteines mal
plegades a través de la membrana del RE cap al citoplasma i la seva seglent
degradacié mitjancant el proteosoma 26S (Kostova et al. 2003). Perd el nombre de
proteines mal plegades pot incrementar-se degut a I'expressié de proteines
mutades o quan es produeix un augment de I'estrés oxidatiu, ja que ambdos fets
afavoreixen l'alteracié de I'estructura secundaria de les proteines. Quan aquesta
alteracio de I'estructura de les proteines produeix un augment de la seva superficie
hidrofobica, fa que aquestes siguin més propenses a formar agregats (Wetzel
1994, Fink 1998).
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Com ja hem esmentat anteriorment, les proteines mal plegades sén degradades
pel proteosoma (20S o 26S). En ambdos casos les proteines han de travessar el
cilindre del proteosoma que formen les seves subunitats amb activitat catalitica, i
perqué aixd es produeixi és imprescindible que les proteines estiguin desplegades
(Rivett 1993, Coux et al. 1996, Grune et al. 1997). Com que els agregats proteics
s6bn més estables que els intermediaris proteics que els conformen, el desti de les
proteines mal plegades depén de I'equilibri entre la seva degradacié al proteosoma
i la seva agregacié en forma d’oligdmers d’elevat pes molecular. Per tant, per
poder degradar les proteines mal plegades d’'una manera eficient, cal que els
proteosomes accedeixin als seus substrats abans que aquests s’agreguin (Kopito
2000).

1.5.4 Molecular misreading

Un altre dels esdeveniments moleculars que han estat relacionats amb la disfuncio
del proteosoma és 'anomenat molecular misreading (van Leeuwen et al. 2000, de
Pril et al. 2006). Aquest procés consisiteix en l'adquisci6 de delecions de
dinucledtids als motius GAGAG (0 a zones adjacents a aquests) presents a alguns
ARN missatgers (ARNm) i va ser primerament descobert a nivell neuronal. Com a
consequléncia la proteina que es tradueix d’aquest ARNm mutat té la pauta de
lectura desplagada una posicid, per aixd s’anomenen proteines +1, i es
caracteritzen per tenir un extrem amino-terminal normal seguit d’'un extrem carboxi-
terminal alterat. Aquest mecanisme explica la modificacié de la informacié genética
a través de l'adquisicié de mutacions a nivell transcripcional o per edicions post-

transcripcionals de I'ARN (van Leeuwen et al. 1998, van Leeuwen et al. 2000).

DNA
GCTCTCTCTTACAGACTG
/ &5 AGA
Normal RNA Mutant RNA

CGA GAG AGA AUG UCT GAC  CGA GAG AAU GUC TGA C

l I (end)

Normal Protein +1 Protein
W

Fig 7. Esquema explicatiu del esdeveniment del molecular misreading
(van Leeuwen et al. 2000).
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De les proteines +1 descrites, la UBB*' és la que ha estat més estudiada i no
nomeés al SNC, ja que es creu que pot estar directament implicada en la disfuncio
del proteosoma en malalties amb preséncia d’agregats proteics també en d’altres
teixits (Lam et al. 2000, van Leeuwen et al. 2000, De Vrij et al. 2001, French et al.
2001, Lindsten et al. 2002, Fischer et al. 2003, Fratta et al. 2004, de Pril et al.
2006). Es creu que la UBB*" no només no pot realitzar la seva funci6 correctament,
siné que a més dificulta la funci6 de proteosoma d’'una manera més general, de
manera que s’'afegeix a la llista de proteines que es poden trobar als agregats
proteics de diverses patologies caracteritzades per la preséncia d’aquests, ja
siguin del SN com del fetge o el muscul (French et al. 2001, Lindsten et al. 2002,
Fratta et al. 2004).

1.5.5 El rol de la p62

A algunes de les patologies caracteritzades per la preséncia d’agregats proteics,
com so6n els cossos de Mallory en els hepatocits d’alcohdlics, els cabdells
neurofibril-lars de les neurones a la malaltia d’Alzheimer o els cossos de Lewy a la
malaltia de Parkinson; s’hi ha identificat la proteina p62 com a nou component
comu entre totes elles (Zatloukal et al. 2002). Aquesta proteina va ser identificada
primer com a lligand del domini SH2 de la proteina p56"° independent de la
fosfotirosina (Joung et al. 1996). La seva capacitat d’interaccionar amb diferents
proteines ha permes descriure el seu paper en la formacio de l'esquelet de
proteines que regulen la transduccié de senyals que produeixen l'activacié del
factor de transcripcié nuclar kB (NFxB) i també caracteritzar-ne el seu rol com a
co-activador transcripcional quan en troba dins del nucli (Geetha et al. 2002). A
més, mitjangcant l'observaci6 de la seva capacitat d’'uni6 no covalent amb
I'ubiquitina via el seu domini UBA, ha fet que també se la consideri implicada en la
regulaci6 mediada per senyalitzacidé de la ubiquitinitzacié i/o la degradacio

proteosomal de proteines cel-lulars (Vadlamudi et al. 1996).

La seva expressio es troba induida a cultius de cél-lules neuronals quan se’ls
sotmet a tractaments pro-apoptotics o a inhibidors del proteosoma, fet que és
considerat com a mecanisme de proteccid contra l'augment de proteines
ubiquitinitzades (Kuusisto et al. 2001, Zatloukal et al. 2002). | com que també es
troba unida especificament als agregats de proteines ubiqiitinitzades i mal

plegades de les inclusions citoplasmatiques de diverses malalties humanes, es
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creu que també participa en la resposta cel-lular vers les proteines andomales que

conformen aquests agregats (Zatloukal et al. 2002).

Es creu que la p62 té un paper decisiu en el marcatge de les cadenes d’ubiquitina
que a la vegada marquen els substrats per ser degradats via proteosoma. Ja que
presenta un domini carboxi-terminal associat a la ubiquitina (UBA) que selecciona
preferentment substrats marcats amb cadenes de poliubiqiitina, i a la vegada el
seu domini amino-terminal tipus ubiquitina (UBL) interacciona amb el proteosoma.
A més, la seva disminucié produeix la inhibici6 de la degradacié proteosomal
depenent de l'ubiquitina i 'acumulacié de proteines ubiquitinitzades; mentre que la
seva sobreexpressio indueix la formacié de grans inclusions (Seibenhener et al.
2004).

Per tant, sembla que la proteina p62 és necessaria per la formacioé d’inclusions
quan la funcié del proteosoma resta alterada. D’aquesta manera intervé com a
mecanisme de protecci6 de la cél-lula enfront de la possible toxicitat de les
proteines mal plegades afavorint la formacié d’inclusions, a la vegada que promou
I'enlla¢ d’aquestes proteines poliubiquitinitzades i agregades amb la maquinaria de
'autofagocitosi com a mecanisme compensatori a la disfuncié del sistema
ubiquitina-proteosoma (UPS) de degradacio proteica (Bjorkoy et al. 2006, Wooten
et al. 2006, Pankiv et al. 2007).

1.6 Altres proteines agregades a les MFM

1.6.1 TDP-43: també anomenada TAR DNA binding protein 43, €s una proteina
nuclear d’expressié ubiqua principalment implicada en processos biologics dins el
marc de la regulaci6 de la transcripcio, del splicing alternatiu dels exons i
I'estabilitzacié de ’ARN missatger. Totes aquestes funcions les pot realitzar gracies
a la seva capacitat d'uni6 a I'ADN de cadena senzilla, 'ARN i les
ribonucleoproteines (Buratti et al. 2008). La TDP-43 va comencar a tenir interés
dins de I'estudi de les malalties caracteritzades per la preséncia d’agregats proteics
quan va ser identificada com a component majoritari dels agregats de proteines
insolubles que caracteritzen malalties del sistema nerviés central com sén la
degeneracié del |dbul frontotemporal amb inclusions d’ubiquitina (FTLD-U) i
'esclerosi lateral amiotrofica (ELA) (Arai et al. 2006, Neumann et al. 2006,
Mackenzie et al. 2007). Com a resultat d’aquestes observacions, es va comengar a
considerar la preséncia d’inclusions de TDP-43 en aquestes dues malalties com a

manifestacié d’'una mateixa patologia que es va anomenar proteinopatia de la
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TDP-43 (Neumann et al. 2006, Forman et al. 2007, Neumann et al. 2007a,
Neumann 2009a). Aquesta idea s’ha vist refermada amb la identificaci6 de 20
mutacions diferents del gen que codifica per la TDP-43 (TARDBP) a pacients
afectats d’ELA (Gitcho et al. 2008, Kabashi et al. 2008, Kuhnlein et al. 2008,
Rutherford et al. 2008, Sreedharan et al. 2008, Van Deerlin et al. 2008, Corrado et
al. 2009, Daoud et al. 2009, Del Bo et al. 2009, Lemmens et al. 2009, Pamphlett et
al. 2009). Pero també s’han descrit mutacions del TARDBP a pacients amb
demencia frontotemporal que no mostren afectacié de les motoneurones (Borroni
et al. 2009) i altres que si (FTLD-MND) (Benajiba et al. 2009), fet que suggereix
que la TDP-43 podria estar involucrada d’'una manera més directa amb la
patogénia de la degeneracid del 16bul frontotemporal, i no només amb la de les

motoneurones.

A les proteinopaties de la TDP-43, a més de la ubiquitinitzacié de la proteina,
també es produeixen altres tipus de modificacions de la proteina, basicament dues,
la hiperfosforilacié i la fragmentacié (Neumann et al. 2006). S’han generat diversos
anticossos que reconeixen multiples llocs de fosforilacié a I'extrem carboxi-terminal
de la proteina i que a més no detecten la TDP-43 del nucli, que és on habitualment
desenvolupa la seva funcié, a més es creu que la quinasa responsable d’aquestes
fosforilacions podria ser la caseina quinasa 1 (Hasegawa et al. 2008, Kametani et
al. 2009). Pero el lloc de fosforilacié localitzat a la serina 409/410 és el que de
moment, a més de posseir les caracteristiques anteriorment esmentades, la seva
deteccié és constant a les inclusions patologiques que es troben a les diferents
formes de les proteinopaties de la TDP-43 (Inukai et al. 2008, Neumann et al.
2009b).

Pel que fa a la seva truncacio, aquesta genera un fragment amino-terminal i un de
carboxi-terminal, perd no sembla haver-hi unanimitat a I'hora de decidir quin dels
dos s’acumula a les inclusions o si ho fan tots dos (Neumann et al. 2009b). Pero
com que el fragment carboxi-terminal és el que conté els llocs de fosforilacid
reconeguts pels diferents anticossos generats (Hasegawa et al. 2008, Inukai et al.
2008, Neumann et al. 2009b), a més de ser on es localitzen la majoria de les
mutacions del gen (TARDBP) d’alguns pacients afectats d’ELA (Neumann 2009a),
sembla ser que podria tenir un paper més rellevant en la formaci6 de les inclusions
citoplasmatiques (Igaz et al. 2009, Nonaka et al. 2009, Zhang et al. 2009). També
s’ha proposat que aquesta fragmentacié podria estar mediada per la progranulina,

ja que la supressié de la seva expressio in vitro produeix un augment dels

46



Introduccio

fragments de la TDP-43 generats per caspases (Zhang et al. 2007); i a més
mutacions en el gen que la codifica (PGRN) també produeixen FTLD-U (Baker et
al. 2006, Cruts et al. 2006, Mackenzie et al. 2006). Perd altres creuen que la
fragmentaci6 de la TDP-43 que s’observa a la majoria de pacients amb FTLD-U
podria ser causada per lactivaci6 de caspases, perd que aquesta seria

independent dels nivells de progranulina dels pacients (Dormann et al. 2009).

La degeneracié del 16bul frontotemporal amb inclusions d’ubiqiitina (FTLD-U) és la
presentacié patologica més freqient de la demeéncia frontotemporal (FTD), que és
la sindrome clinica amb que aquesta es presenta de manera més habitual (Lipton
et al. 2004, Forman et al. 2006). La FTD és una sindrome clinica amb una base
molecular molt heterogénia; les que son familiars poden sén causades per
mutacions a diferents gens com al de la proteina associada als microtubuls tau
(MAPT), la progranulina (PGRN), la valosina (VCP) i la proteina 2B dels cossos
multivessiculars (CHMP2B) (Neumann et al. 2009c). Els pacients amb mutacions
en el gen de la valosina (VCP); que codifica per una proteina membre de la
superfamilia de les AAA-ATPases i que és un component essencial del sistema de
degradacié proteica associat al reticle endoplasmatic (ERAD) (Watts et al. 2004);
presenten una afectaci®é multisistétmica amb demeéncia frontotemporal, miopatia
amb cossos d’inclusié i malaltia de Paget dels 0ssos (IBMPFD) (Kimonis et al.
2000, Watts et al. 2004, Hubbers et al. 2007, Kimonis et al. 2008). Al estudiar el
cervell de malalts d’'IBMPFD també s’ha detectat la preséncia de la TDP-43 als
agregats proteics ubiquitinitzats que aquests presenten (Neumann et al. 2007b) i
que també es poden trobar als seus musculs (Weihl et al. 2008). De manera que
també se’n ha estudiat la seva preséncia a les inclusions citoplasmatiques d’altres
malalties musculars com les miopaties esporadiques amb cossos d’inclusio (sIBM)
(Weihl et al. 2008, Salajegheh et al. 2009) i també a diverses miopaties amb
vacuoles ribetejades (Kusters et al. 2009), a la vegada que s’ha assegurat la seva

abséncia en els musculs dels pacients afectats d’ELA (Soraru et al. 2009).

1.6.2 Tau: és una proteina de la familia MAP2/Tau de les proteines associades als
microtubuls (MAPs) (Dehmelt et al. 2005), la funcidé principal de la qual és la
regulacié de la formacioé dels microtubuls de la céllula (Weingarten et al. 1975).
Generalment la seva expressié es considera especifica dels teixits neuronals, perd
també es pot trobar, descrit en rates, a altres tipus de teixits entre ells al muscul
esquelétic (Gu et al. 1996). El gen de la tau (MAPT) es localitza al cromosoma

17921 i el seu transcrit primari conté 16 exons (Neve et al. 1986, Andreadis et al.
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1995). Al cervell huma aquest transcrit dona lloc a 6 isoformes de la proteina tau
que es diferencien entre elles per la preséncia o absencia dels exons 2, 3 i 10, fet
que dona lloc a les combinacions seglents: 2-3-10-; 2+3-10-; 2+3+10-; 2-3-10+;
2+3-10+; 2+3+10+. Aquestes variacions es produeixien mitjancant el procés del
splicing alternatiu dels exons i fan que, a nivell de proteina, les 6 isoformes de la
tau també es diferenciin entre elles per la preséncia de 3 (3R) o 4 (4R) repeticions
del domini d’'uni6 a la tubulina a I'extrem carboxi-terminal i per la preséncia o
abséncia d’'una o dues insercions de 29 aa a l'extrem amino-terminal que
confomen I'anomenat domini de projeccié (Goedert et al. 1989a, Goedert et al.
1989b, Himmler et al. 1989, Ballatore et al. 2007). Pero al sistema nervibs periféeric
(SNP) s’hi troba una altra isoforma de la proteina tau anomenada big tau que es
produeix per un splicing alternatiu dels exons diferent del que es produeix al
sistema nerviés central (SNC). Aquest inclou un ex6 extra anomenat 4A equivalent
a una insercio de 254 aa que dona lloc a una proteina tau d’elevat pes molecular,
d’'uns 110kDa aproximadament (Couchie et al. 1992, Goedert et al. 1992).

Les primeres referéncies que ubiquen la proteina tau al muscul esquelétic es
centren en la seva implicacié a patologies com les sIBM, on es troba acumulada a
les vacuoles i a les inclusions de les bidpsies musculars dels pacients afectats
d’aquesta malaltia (Askanas et al. 1994). Perd també ha estat relacionada amb
esdeveniments regeneratius del les fibres amb lesions a malalties tan variades
com la distrofia muscular oculofaringea i la de Becker, la dermatomiositis, la
malaltia de cossos centrals, I'atrofia neurogénica i en fases de recuperacié després
d'un atac d’hipertérmia maligne (LUbke et al. 1994). Finalment es va proposar que
la diferéncia entre la preséncia de la tau a les fibres regeneratives i a les fibres
amb vacuoles de diferents malalties musculars podria ser el seu estat de
fosforilacio (Murakami et al. 1995b). Tot i que a les IBM la tau fosforilada es troba
tan a les fibres atrofiques sense canvis vacuolars com a les fibres no necrotiques
que han estat invaides per cél-lules inflamatories (Maurage et al. 2004). A més, la
tau també apareix acumulada a les vacuoles autofagiques dels musculs de les
rates model de les miopaties vacuolars, a les quals se’ls hi indueix la malaltia
mitjangant el tractament amb cloroquina (Murakami et al. 1998). | fins i tot, se’'n ha
detectat la seva preséncia, encara que no ha estat confirmat per altres estudis, en
forma de curly fibres i tangle-like en diversos organs de pacients afectats de la
malaltia d’Alzheimer, entre ells també al muscul esquelétic i al cardiac (Miklossy et
al. 1999).
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El cert és que la preséncia de la tau al muscul encara es posa en dubte, ja que en
molts casos quan es detecta no es té clar ni a quina de les seves isoformes
correspon. La primera tau que es detecta al muscul esquelétic d’humans
consisiteix en una banda d’elevat pes molecular d’'uns 120kDa (Lubke et al. 1994),
que es podria correspondre a I'anomenada big tau caracteristica del sistema
nerviés periféric (Couchie et al. 1992, Goedert et al. 1992). Aquesta isoforma
d’elevat pes molecular també es troba en alguns teixits no neuronals de la rata,
entre ells al teixit esquelétic i al cardiac (Gu et al. 1996). S’han fet altres intents de
definir les isoformes de tau presents al muscul esquelétic, sobretot per establir-ne
un patr6é caracteristic a les mostres de malalts d’IBM. Per exemple, s’ha observat
una banda de 60kDa tant a les mostres control com a les mostres patologiques,
mentre que una altra de 62kDa s’ha proposat que podria ser especifica de la
patologia i correspondre a la mateixa isoforma de 60kDa pero fosforilada. Aquest
doblet de bandes el detecten amb els anticossos TauCter i PS422. En aquest
mateix treball també es detecta una banda de 120kDa, perd en aquest cas es
considera que es tracta d’'una contaminacié de la mostra per part del nervi periféric
que podria haver-hi a la biopsia (Maurage et al. 2004). En un treball anterior
s’havia descrit també un patré6 de bandes en forma de doblet de 66 i 68kDa al
estudiar mostres de malalts d’IBM (Mirabella et al. 1996), en aquest cas utilitzant
els anticossos AT-8 i SMI-3. A més, en un estudi on es caracteritzen les alteracions
del splicing alternatiu dels exons de la tau que es produeixen a la distrofia
miotonica del tipus | (DM1) en teixits com el cervell i el muscul, es va estudiar
primer la preséncia dels exons 2,3 i 6 a musculs control. Doncs es va observar que
I'ex6 2 sempre apareix a totes les isoformes de la tau que es detecten al muscul,
que no hi ha expressié de cap isofoma sense els exons 2 i 3, pero si que hi ha

expressio de I'exé 6 que normalment esta molt reduida al SNC (Leroy et al. 2006).

D’altra banda, algunes quinases han estat implicades en la hiperfosforilacié de la
tau al muscul esquelétic de malalts d’'IBM, com la cdk5 (cyclin-dependent kinase 5)
(Nakano et al. 1999, Wilczynski et al. 2000b), 'ERK (extracellular signal-regulated
kinase) (Wilczynski et al. 2000a, Nakano et al. 2001) i la GSK3p (glycogen
synthase kinase 3f) (Kitazawa et al. 2008), de la mateixa manera que es creu que

ho estan a la malaltia d’Alzheimer i d’altres taupaties (Ferrer et al. 2005b).
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Objectius

Objectiu general

e Identificar marcadors que estiguin relacionats amb les caracteristiques
patoldgiques que defineixen les MFM, més concretament les miotilinopaties i
les desminopaties, i que permetin entendre i descriure els mecanismes

patoldgics moleculars que estan involucrats en el seu desenvolupament.

Objectius concrets

2.1 Modificacions per dany oxidatiu (3.1, 3.2)

e Estudiar la preséncia de I'estrés oxidatiu a les MFM a partir de I'avaluacié de
'expressio de diferents marcadors de glicoxidacié, lipoxidacié i nitracio, aixi
com dels enzims productors d’oxid nitric i els enzims dismutadors dels anions
de superoxid en biopsies musculars de pacients afectats de miotilinopaties i

desminopaties.

e Detectar possibles proteines diana del dany oxidatiu i/o nitratiu a les
miotilinopaties i les desminopaties, a partir de la selecci6 dels marcadors

anteriors que presentin els resultats més solids.

2.2 Relacio entre el dany oxidatiu i els agregats proteics (3.1, 3.3)
o Establir la relacié entre els marcadors del dany oxidatiu/nitratiu, les proteines
diana d’aquest/s dany/s i la formacié dels agregats proteics caracteristics

d’aquestes patologies.

e Estudiar la preséncia d’altres marcadors relacionats amb la formacié dels

agresomes i la disfuncié del proteosoma.

2.3 Altres proteines agregades a les MFM (3.4, resultats annexos 7.5)
e Buscar nous marcadors, potser més atipics, per tal d’identificar altres
mecanismes i/o processos que també puguin estar involucrats en la patologia

de les MFM i que obrin noves perspectives de treball.
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Myotilinopathies and desminopathies are subgroups of myofibrillar myopathies
(MFM) caused by mutations in myotilin and desmin genes, respectively. They are char-
acterized by the presence of protein aggregates in muscle cells. As oxidation of pro-
teins facilitates their aggregation and makes them more resistant to proteolysis, the
present study was geared to analyze oxidative stress in MFM. For this purpose, markers
of glycoxidation, lipoxidation and nitration were examined with gel electrophoresis
and Western blotting, single immunohistochemistry, and double- and triple-labeling
immunofluorescence and confocal microscopy in muscle biopsies from patients
suffering from myotilinopathy and desminopathy. Increased levels of glycation-end
products (AGEs), N-carboxymethyl-lysine (CML) and N-carboxyethyl-lysine (CEL), mal-
ondialdehyde-lysine (MDAL), 4-hydroxynonenal (HNE) and nitrotyrosine (N-tyr) were
found in MFM. Furthermore, aberrant expression of AGE, CML, CEL, MDAL and HNE, as
well as of neuronal, inducible and endothelial nitric oxide synthases (nNOS, iNOS,
eNOS), and superoxide dismutase 2 (SOD2), was found in muscle fibers containing
protein aggregates in myotilinopathies and desminopathies. AGE, ubiquitin and p62
co-localized in several muscle fibers in MFM. As oxidized proteins are vulnerable to
misfolding and are resistant to degradation by the UPS, the present observations sup-
port a link between oxidative stress, protein aggregation and abnormal protein depo-
sition in MFMs.

Brain Pathol 2007;17:377-388.

INTRODUCTION
Free radical production is a widespread

The

(MFM) encompasses a group of muscle

term  myofibrillar  myopathy
disorders characterized morphologically by
focal dissolution of the myofibrils and
accumulation of protein aggregates (4, 17,
29). Protein aggregates in MFM contain

phenomenon occuring under physiological
aerobic metabolism in eukaryotic cells. In
a healthy organism, a balance between oxi-
dation and reduction reactions serves to
maintain the physiological redox status;  desmin, myotilin and other cytoskeletal

however, when oxidative stress occurs  proteins, chaperones, phosphorylated tau

this can may cause deleterious metabolic
effects, when the generation of reactive
oxygen species exceeds the level of antiox-
idant responses. Skeletal muscle is not an
exception, and muscle cells are particularly
prone to accumulating oxidative damage to
DNA, lipids and proteins over time (22,
30, 38). In addition, evidence for free rad-
ical toxicity has been found in several
pathological conditions including inclu-
sion-body myositis (IBM) and myopathies
(39, 40), mitochondrial myopathies (5)
and dystrophinopathies (25), as well as
inflammatory myopathies (14, 32).

and B-amyloid, plectin, gelsolin, clusterin,
and ubiquitin (4, 10, 19, 29). MFMs are
caused by mutations in different genes,
including desmin (11, 12, 16), oB-
crystallin (34), selenoprotein N (6), myo-
tilin (19, 27), ZASP (28) and filamin (35).
Little is known about the putative role of
oxidative stress in the pathogenic cascade
occurring in MFM, although overexpres-
sion of semicarbacide-sensitive amine oxi-
dase, which has been considered as an
indicator of oxidative stress in different tis-
sues, has been found in muscle fibers con-

taining protein aggregates in MFM (18).

In order to investigate oxidative stress in
MFM, the present study focused on the
expression of markers of glycoxidation,
lipoxidation and nitration, as well as on
nitric oxide (NO)-producing enzymes and
superoxide dismutase (SOD2), in muscle
biopsy samples of patients suffering from
myotilinopathy and desminopathy. With
this purpose, antibodies to advanced glyca-
tion end products (AGE), N-carboxyme-
thyl-lysine (CML) and N-carboxyethyl-
lysine (CEL), as glycoxidation markers;
antibodies to  malondialdehyde-lysine
(MDAL) and 4-hydroxynonenal (HNE)
adducts, as lipoxidation markers; and anti-
bodies to nitrotyrosine (N-tyr) have been
used for gel electrophoresis and Western
blotting, and immunohistochemistry. In
addition, immunohistochemistry to neu-
ronal, endothelial and inducible isoforms
of nitric oxide synthase (nNOS, eNOS and
iNOS) was carried out to investigate
expression of enzymes linked with NO
production. Finally, antibodies to RAGE
were used to recognize the expression of
AGE receptors, and antibodies to SOD2
to reveal antioxidant responses in muscle
cells. Double and triple immunofluores-
cence and confocal microscopy was per-
formed to further refine oxidative damage
with protein aggregates and proteasome
markers.

MATERIALS AND METHODS

Patients and muscle biopsies. Muscle
biopsies from five patients suffering from
myotilinopathy and four patients suffering
from desminopathy were obtained follow-
ing informed consent and in accord with
the guidelines of the Ethics Committee
of the Hospital Universitari de Bellvitge.
Patients suffering from myotilinopathy
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were two women and three men aged from Patient Age/gender Site of muscle biopsy Mutation
52 t0180 yearls of age (aT:anfage: 7}11 }l]ears)i 1 52/M Lateral gastrocnemius MYOT Ser55Phe
Muscle samples were taken from the latera

P R . 2 70/M Vastus lateralis MYOT Ser60Cys
gastrocnemius in one case, vastus lateralis
. . . 3 80/M Deltoid MYOT Ser60Phe
in two cases, and deltoid muscle in the
remaining two. A detailed description of 4 73/F Deltoid MYOT Ser55Phe
these patients has been reported elsewhere 5 80/F Vastus lateralis MYOT Lys36Glu
(19). Desminopathy cases were three 6 49/F Lateral gastrocnemius DES Pro419Ser
women and one man aged from 27 to 49 7 46/F Biceps brachii DES Leu392 Pro
years of age (mean age 37.5 years). Muscle 8 27/M Lateral gastrocnemius DES lle367Phe
biopsies in these patients were taken from 5 28/F Biceps brachi DES Arg406Trp
the lateral gastrocnemius in two cases and - ~

A . 10 78/M Biceps brachii
from the biceps brachii in the other two. A r p——

. .. 1 52, eltoi

detailed description of three of these
patients has been reported elsewhere (20). 12 o4F Deltoid
Finally, muscle biopsy specimens from five 3 33/M Vastus lateralis
age-matched controls were used for com- 14 29/F Vastus lateralis

parative purposes. Samples were taken  ape1. Summary of cases included in the present study.

AGE MDAL
d d d c c (]

“--—.m ;

-

-—-—-—-h 11

CEL HNE

- - - zos-gnp!-'“ s

60 kDa band

2,5

O control
@ desminopathy

W myotilinopathy

AGE CEL MDA HNE

Figure 1. Western blots to AGE, CEL, MDAL and HNE in myotilinopathies (m) and desminopathies (d) compared with controls (c) show multiple bands of
molecular weights between 45 and 110 kDa. A band of about 60 kDa is more prominent in diseased cases than in controls. Coomassie blue staining is used
to control protein loading. Densitometric studies show significant differences between control and diseased cases regarding AGE and CEL immunostaining
(*P < 0.05, **P < 0.01). Differences in the intensity of MDAL and HNE bands of about 60 kDa between control and diseased cases were not significant.
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Dilution

Antigen Epitope Host IHQ IF WB Manufacturer
SOD2 Polyclonal Rabbit 1:500 1:2000 Stressgen
N-tyr Monoclonal Mouse - 1:1000 Zymed
nNOS Polyclonal Rabbit 1:1000 - Calbiochem
iNOS Polyclonal Rabbit 1:500 - Chemicon
eNOS Polyclonal Rabbit 1:50 - Chemicon
CEL Monoclonal Mouse 1:16 1:300 TransGenic
CML Monoclonal Mouse 1:25 1:500 TransGenic
AGE Monoclonal Mouse 1:200-250 1:500 TransGenic
RAGE Polyclonal Goat 1:500 - Serotec
HNE Polyclonal Rabbit 1:1000 1:1000 Alexis
MDAL Polyclonal Goat 1:10 1:300 Academy Bio-Medical Company
Myotilin Monoclonal Mouse 1:100 - Novocastra
Myotilin Polyclonal Goat 1:10 - Santa Cruz
Desmin Monoclonal Mouse 1:15 - Dako
Desmin Polyclonal Rabbit 1:200 - GeneTex
p62 C-terminal Polyclonal Guinea pig 1:100 - Progen
Ubiquitin Polyclonal Rabbit 1:100 - Dako

Novocastra, Newcastle, UK; Stressgen, Bionova Cientifica, Madrid, Spain; Zymed; San Francisco, CA, USA; Calbio-
chem, San Diego, CA, USA; Chemicon, Barcelona, Spain; TransGenic, Kobe, Japan; Serotec, Bloomington, MN, USA;
Alexis, Lausen, Switzerland; Academic BioMedical Company, Houston, TX, USA; Santa Cruz, Quimigen, Madrid,
Spain; Progen, Heidelberg, Germany; GeneTex, San Antonio, TX, USA; Dako, Barcelona, Spain; Sigma, Madrid, Spain.

Table 2.

Antibodies used

IF =immunofluorescence; WB = Western blotting.

N-Tyr

60 kDa band

in the present study. Abbreviations: IHQ=immunohistochemistry;

45
36

H P = F e o ey
T T

4|—_—ﬁ_

N-TYR

O control
@ desminopathy
W myotilinopathy

from the vastus lateralis in two cases, del-
toid in two cases and the biceps braquii in
the remaining one. A summary of the
clinical characteristics of all the patients
included in the present study is provided
in Table 1.

Western blotting. Roughly 50 mg of
frozen muscle samples was homogenized
with a manual glass homogenizer in ice
with I mL of homogenizer buffer (75 mM
Tris-HCl pH 6.8, 0.001% (w/v) bro-
mophenol blue, 15% (w/v) SDS, 20%
(v/v) glycerol, 5% (v/v) B-mercaptoethanol)
and a mix of protease inhibitors containing
I mM PMSF (phenylmethylsulfonylfluo-
ride), 1 pug/mL pepstatin A, 10 pg/mL leu-
peptin and 10 pg/mL aprotinin. Total
homogenates were boiled at 94°C for
4 minutes and centrifuged at 9500 g for
5 minutes. Pellets were discarded and
25 uL aliquots were stored at —80°C.

For Western blot studies 5 UL of each
sample was loaded in an 8% SDS-PAGE
electrophoresis (20 mA/gel for 80 minutes
at 4°C) and then transferred to nitrocellu-
lose membranes (20 V and 40 mA/gel for

Figure 2. Western blots to nitrotyrosine (N-Tyr) in
myotilinopathies (m) and desminopathies (d) com-
pared with controls (c). Several bands are seen in
control and diseased muscles. A band of about
60 kDa is more prominent in diseased muscles
compared with controls. Significant differences in
the intensity of the band of 60kDa were seen
between control and desminopathy (**P < 0.05)
and between controls and myoytilinopathy
(*P<0.01) cases.
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Figure 3. Representative sections of AGE (A), CEL (B), CML (C), HNE (D), MDAL (E), eNOS (F), nNOS (G),
iNOS (H) and SOD 2 (I) immunoreactivty in control muscles. Cryostat sections without counterstaining.

Bar =50 microns.

75 minutes) in a Semi-Dry Transfer Sys-
tem (Bio-rad, Madrid, Spain). Once the
membranes were stained with Ponceau
Solution (Sigma, Madrid, Spain) as a
transfer quality control, they were imme-
diately incubated with 5x Western
Blocking Reagent (Roche, Mannheim,
Germany) at 4°C overnight. Then, mem-
branes were incubated with one of the
primary antibodies diluted in TBS-T
(100 mM Tris base, 1.4 M NaCl and
0.1% (v/v) Tween 20, pH 7.4) with 1%
Western Blocking Reagent (Roche) at 4°C
overnight. Details of the antibodies are
shown in Table 2. Subsequently, the mem-

branes were washed with TBS-T and then
incubated with the corresponding second-
ary antibody labeled with horseradish per-
oxidase (Dako, Barcelona, Spain) at a
dilution of 1:1000 or 1:2000 in the same
buffer (TBS-T with 0.5% Blocking
Reagent) for 45 minutes at room temper-
ature. After washing the membranes with
TBS-T, the protein bands were detected
by chemiluminescence ECL method
(Amersham Biosciences, Little Chalfont,
UK). The myosin band of 205 kDa
stained with Coomassie Brilliant Blue R
(Sigma) in the post-transfer gel was used
as a control of protein loading.
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The densitometric quantification of
Western blot bands was carried out with
Total Lab v2.01 software, and the data
obtained were analyzed using Statgraphics
Plus v5.1 software. Differences between
control and diseased samples were analyzed

with ANOVA: *P< 0.05 or **P<0.01.

Immunobistochemistry. Cryostat sec-
tions, 8 wm-thick, were incubated with
1% hydrogen peroxide for 5 minutes fol-
lowed by 10% goat or 3% horse normal
serum for 2 h, and then incubated over-
night with one of the primary antibodies
listed in Table 2. After washing, the sec-
tions were processed with Super Sensitive
Link-Label ITHC Detection System (Bio-
Genex, San Ramon, CA, USA) or with
LSAB+ System-HRP (Dako) following the
instructions of the manufacturer. The
immunoreaction was visualized as a dark
blue  precipitate  using NHNiSOy4
(0.05M) diluted in phosphate buffer
(0.1 M) with 0.03% diaminobenzidine
(DAB), 0.04% NH,CI and 0.001%
hydrogen peroxide. Sections processed
only with the secondary antibody were
used as negative controls. Serial consecu-
tive sections from each case were stained
with hematoxilin and eosin.

Double- and triple-labeling immun-
oftuorescence and confocal microscopy.
Cryostat sections 8-im-thick were blocked
for 30 minutes at room temperature with
10% fetal bovine serum diluted in 1 X PBS
in order to avoid unspecific binding reac-
tions. For double-labeling immunofluores-
cence, the sections were incubated overnight
at 4°C with different combinations of two
primary antibodies as follows: (i) mouse
monoclonal anti-AGE antibody, and goat
polyclonal anti-myotilin or rabbit poly-
clonal anti-desmin antibodies; (ii) goat
polyclonal anti-RAGE antibody, and mouse
monoclonal anti-myotilin or mouse mono-
clonal anti-desmin antibodies; and (iii)
rabbit polyclonal anti-eNOS antibody and
mouse monoclonal anti-myotilin or mouse
monoclonal anti-desmin antibodies. For
triple-labeling immunofluorescence, some
sections incubated with mouse
monoclonal anti-AGE, rabbit polyclonal
anti-ubiquitin and guinea-pig polyclonal
anti-p62 (C-terminus) antibodies. Details
of the primary antibodies are shown in

Table 2.

were
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F|gure 4. Muscle biopsy from one patient suffering from myotilinopathy showing a large fiber, and two
atrophic fibers containing eosinophilic cytoplasmic inclusions (A). Strong AGE immunoreactivity deco-
rating collections of spheroid bodies in two atrophic fibers, as well as moderate AGE immunostaining
in focal areas of the cytoplasm in other fibers (B). Faint CML immunoreactivity in abnormal fibers (C).
MDAL immunoreactivity is observed at the periphery of the inclusions, but not within them (D). eNOS
(E) and SOD2 (F) are found in abnormal fibers. Cryostat sections without counterstaining (except A).

Bar =50 microns.

After washing, the sections were incu-
bated with the corresponding combination
of secondary antibodies Alexa 488 anti-
rabbit (green), Alexa 546 anti-mouse (red)
or Alexa 647 (blue) (all from Molecular
Probes, Leyden, The Netherlands), at a
dilution of 1:400 for 3 h at room temper-
ature. Subsequently, the nuclei were stained
using To-pro®-3-iodide (Molecular Probes)
at a dilution of 1:1000 for 20 minutes at
room temperature. Sections were mounted
with  Fluorescent Mounting Medium
(Dako Cytomation), sealed and dried over-
night at 4°C. Sections were examined with
a Leica TCS-SL confocal microscope. Sec-
tions incubated only with the secondary
antibodies were used as controls.

RESULTS

Western blotting

Glycoxidation and lipoxidation markers
Western blots of total homogenates

revealed that several bands from 45 to

115 kDa were immunostained with anti-
AGE, anti-CML and anti-CEL antibodies.
Although variable from one case to another,
the bands of 60 kDa had higher intensity
in myotilinopathies and desminopathies
when compared with controls. The density
of the band of about 60 kDa was higher in
MFM cases (Figure 1). Densitometry and
quantification of this band as revealed with
anti-AGE antibodies showed significant
differences in desminopathies and myortili-
nopathies when compared with controls
(P<0.01 and P < 0.05, respectively). Sim-
ilarly, differences were significant regarding
CEL immunoreactivity between MFM
cases and controls (P < 0.05). Western blots
to MDAL and HNE also showed multiple
bands in control and diseased cases. Yet
differences were not significant between
control and diseased cases (Figure 1).

Nitrated proteins (N-tyr)
Western blots to nitrotyrosine revealed a
similar pattern of nitrated proteins in myo-

tilinopathies, desminopathies and control
cases. However, a band of 60 kDa showed
a significantly higher density in myotilino-
pathies (£<0.05) and desminopathies
(P<0.01) when compared with controls
(Figure 2).

Immunohistochemistry
Control muscles
Glycoxidation markers In control sam-
ples, CML immunoreactivity was observed
in the cytoplasm of muscle fibers. A mosaic
pattern with two populations of fibers was
noted depending on the degree of the
immunoreaction. Faint CEL and AGE
immunoreactivity was also observed in the
of normal muscle fibers,
RAGE immunoreactivity was
absent. The wall of intramuscular vessels
displayed CML, CEL, AGE and RAGE

immunoreactivity.

cytoplasm
whereas

Lipoxidation markers Faint HNE and
moderate MDAL immunoreactivity was
observed in the cytoplasm of normal mus-

cle fibers.

nNOS, eNOS and iNOS Strong nNOS
and moderate eNOS immunoreactivity
was observed at the sarcolemma of muscle
fibers in control cases, whereas faint
iNOS immunoreactivity was seen within
the cytoplasm. In addition, strong eNOS
and faint iINOS immunoreactivity was
seen in the wall of intramuscular vessels
and capillaries as well as in the nuclei of
myocytes.

SOD2 Faint SOD2 immunoreactivity was
present in the cytoplasm of normal fibers.
Two populations of fibers could be distin-
guished according to differing intensities
of the immunoreaction. SOD2 immuno-
labeling was also observed in the nuclei of
muscle fibers.

Representative sections of muscle fibers
stained with anti-oxidation and nitration
markers is shown in Figure 3.

Myotilinoparhy

Glycoxidation markers Faint CEL and
CML, but strong AGE immunoreactivity,
were observed in abnormal muscle fibers in
myotilinopathies. AGE expression was par-
ticularly strong in muscle fibers containing
spheroid bodies (Figure 4) In addition,

RAGE immunoreactivity was observed in
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Figure 5. Muscle biopsy from one patient suffering from desminopathy. A muscle fiber containing a
subsarcolemmal inclusion is seen in (A). Serial consecutive sections demonstrating strong AGE (B), MDAL
(€),iNOS (D), eNOS (E) and SOD2 (F) immunoreactivity in the abnormal fiber. Cryostat sections without
counterstaining (except A). Bar =50 microns.

the sarcolemma, as well as within the cyto-
plasm of abnormal muscle fibers (data not
shown). The number of fibers immun-
ostained with CEL, CML, AGE and
RAGE varied from one case to another, but
all the abnormal fibers were
ostained with the antibodies recognizing
glycoxidation markers.

immun-

Lipoxidation markers Increased HNE
expression was found in the sarcolemma of
the majority of fibers in myotilinopathies

when compared with controls. Further-
more, faint HNE immunoreactivity was
observed within the cytoplasm in muscle
fibers containing cytoplamic inclusions.
Strong MDAL immunoreaction appeared
at the periphery of the fibers containing
cytoplasmic inclusions, but, curiously,
not within the cytoplasmic inclusions
themselves (Figure 4). The number of
fibers immunostained with HNE and
MDAL antibodies varied from one case to
another, but always correlated with the
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number of fibers containing cytoplasmic
inclusions.

nNOS, eNOS and iNOS Strong eNOS
and nNOS
observed at the sarcolemma as well as
within the cytoplasm of abnormal fibers.
Strong iNOS immunostaining was seen
in the cytoplasm but not in the sarco-
lemma of abnormal fibers. In each speci-
men, all the muscle fibers containing
cytoplasmic inclusions were immun-
ostained with the three anti-NOS anti-
bodies (Figure 4).

immunoreactivity ~ was

SOD2 Strong SOD2 immunoreaction
was observed within the cytoplasm in all
the muscle fibers containing cytoplasmic
inclusions (Figure 4).

Desminopathy

Glyoxidation markers Faint to moderate
AGE, CML, CEL and RAGE immunore-
activity was observed in the cytoplasm of
muscle fibers in desminopathies. In addi-
tion, a small proportion of fibers, corre-
sponding to those containing dense
hyaline inclusions displayed strong AGE
immunoreactivity. The number of fibers
immunostained with AGE, CML, CEL
and RAGE varied from case to case,
depending on the number of muscle fibers
containing cytoplasmic or subsarcolemmal
inclusions (Figure 5).

Lipoxidation markers Strong HNE
immunostaining was observed in the
sarcolemma in the vast majority of fibers
in desminopathies when compared to
controls. Furthermore, HNE adducts
occurred in a subset of fibers containing
dense hyaline cytoplasmic inclusions.
Areas devoid of MDAL immunoreactivity
were observed in muscle fibers in desmin-
opathy when compared to controls.
These negative areas corresponded to
abnormal fiber regions containing non-
hyaline inclusions (Figure 5).

nNOS, eNOS and iNOS Strong eNOS,
iNOS and nNOS immunoreactivity was
observed in the sarcolemma of muscle
fibers. Furthermore, eNOS, iNOS and
nNOS immunostaining decorating fiber
regions containing inclusions was observed
in every case (Figure 5).



Figure 6. Double-labeling immunofluorescence
and confocal microscopy to myotilin (green) and
AGE (red) in myotilinopathy. Myotilin deposition
occurs as multiple small confluent granular aggre-
gates, as diffuse deposits in atrophic fibers or dec-
orating the periphery of abnormal muscle fibers
(A,D). AGE immunoreactivity is observed as large
dense deposits in abnormal fibers (B,D). Co-
localization of myotilin and AGE (merge, yellow) is
found in some aggregates, whereas AGE immu-
noreactivity is localized inside myotilin aggregates
in other fibers (C,F). One section of the same case
stained only with the secondary antibodies is used
as a negative control (G-I). Nuclei are visualized
with To-pro®-3-iodide (blue).

Figure 7. Double-labeling immunofluorescence
and confocal microscopy to myotilin (green, A)
and RAGE (red, B) showing almost complete co-
localization of RAGE and myotilin (merge, yellow,
C). One section of the same case stained only with
the secondary antibodies is used as a negative
control (D-F). Nuclei are visualized with To-pro®-3-
iodide (blue).
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Figure 8. Double-labeling immunofluorescence and confocal microscopy to eNOS (green, A,D) and
myotilin (red, B) in myotilinopathy (A-C) and with desmin (red, E) in desminopathy (D-F). Co-localization
of eNOS and myotilin is observed in some fibers in myotilinopathy (merge, C), whereas atrophic fibers
displaying diffuse myotilin immunofluorescence show partial co-localization. Partial co-localization of
e-NOS (D) and desmin (E) is observed mainly at the sarcolemma of some fibers in desminopathy. One
section stained only with the secondary antibodies is used as a negative control (G-l). Nuclei are

visualized with To-pro®-3-iodide (blue).

SOD2 Increased SOD2 immunoreactivity
was also noted in abnormal fibers in desmi-

nopathies (Figure 5).

Double and triple-labeling
immunofluorescence and confocal
microscope

Myotilinoparhy

Markers of glycoxidation in muscle fibers
containing myotilin aggregates Double-
labeling immunofluorescence confirmed
the existence of glycoxidation immunore-
active products in muscle fibers containing
protein aggregates. Double labeling immu-
nofluorescence revealed the coexistence of
AGE (red) and myotilin (green) in the
same fibers. AGE and myotilin co-localized
in muscle fibers containing small, conflu-
ent, punctate aggregates, as well as at the
periphery of larger aggregates. In general,
the areas showing AGE immunofluores-

ence exceeded those displaying myotilin
immunofluoresence (Figure 6).

In contrast, sections double-immun-
ostained with RAGE (green) and myotilin
(red) revealed almost complete co-localiza-
tion of RAGE and myotilin in affected
fibers (Figure 7).

Lack of localization of MDAL in myotilin
aggregates In line with single labeling
immunohistochemistochemical  observa-
tions, faint MDAL immunofluoresence
was observed surrounding myotilin aggre-
gates but no MDAL immunostaining was
found within myotilin aggregates (data not

shown).

eNOS and myotilin double-labeling
Double-labeling to eNOS (green) and
myotilin (red) revealed complete co-local-
ization in protein aggregates. However,

384 Oxidative Damage in Myofibrillar Myopathies—Janué et al

© 2007 The Authors

66

Journal Compilation © 2007 International Society of Neuropathology * Brain Pathology

partial co-localization was observed in
atrophic fibers exhibiting diffuse myotilin
immunostaining (Figure 8A-C).

Triple-labeling to AGE, ubiquitin and
p62 Confocal microscopy of triple immu-
nolabeling revealed co-localization of AGE
(green), ubiquitin (red) and p62 (blue) in
several but not all aggregates. Some AGE
products were not immunolabeled with
ubiquitin or with anti-p62 antibodies
(Figure 9).

Desminopathy

Markers of glycoxidation in muscle fibers
containing desmin aggregates AGE imm-
unofluorescence revealed the presence of
adducts
muscle fibers, whereas desmin immunoflu-

immunoreactive within some
orescence revealed desmin deposition in
the subsarcolemma as well as within the
cytoplasm of selected fibers. Double-
labeling to AGE (green) and desmin (red)
revealed the coexistence of AGE adducts
and desmin aggregates in the same fibers.
Yet AGE-immunostained products were
usually found at the center of desmin

aggregates (Figure 10).
MDAL

Faint MDAL immunofluoresence was seen

and desmin double-labeling

in the subsarcolemma in a small propor-
tion of fibers. No MDAL immunofluores-
fiber

containing desmin aggregates (data not

cence was present in regions

shown).

eNOS

eNOS (green) immunofluoresence was

and desmin double-labeling
widely distributed in the sarcolemma, as
well as within the cytoplasm of selected
fibers. eNOS co-localized with desmin in

some areas but not in others (Figure 8D—
F).

Triple-labeling to AGE, ubiquitin and
p62 Confocal microscopy of triple immu-
nolabeling revealed co-localization of AGE
(green), ubiquitin (red) and p62 (blue) in
some fiber regions. However, AGE co-
localized with ubiquitin but not with p62
in other fibers (Figure 11).

DISCUSSION

Basal levels of glycoxidized, lipoxidized
and nitrated protein species were found
in skeletal muscles of controls. This is
not surprising as protein oxidation is a
normal phenomenon occurring as a



Figure 9. Triple-labeling immunofluorescence and confocal microscopy to AGE (green, A,E), ubiquitin (red, B,F) and p62 (blue, C,G) in myotilinopathy showing
co-localization of AGE adducts with ubiquitin and p62, in several but not all aggregates (merge, yellow, D,H). Yet some AGE products are not imunolabeled
with ubiquitin or with anti-p62 antibodies. One section stained only with the secondary antibodies is used as a negative control (I-L). Nuclei are visualized
with To-pro®-3-iodide (blue).

consequence of aerobic metabolism. Yet
increased levels of CEL, CML and AGE,
mainly glycoxidative adducts, as well as
HNE and MDAL lipoxidized proteins
have been noted in muscle samples in myo-
tilinopathies and desminopathies. Further-
more, increased levels of N-Tyr in diseased
muscles points to extensive oxidative/nit-
rosative damage in MFMs. Combined gel
electrophoresis and Western blotting, and
immunohistochemistry, have shown not
only an increase but also a re-localization
of oxidative products in association with
abnormal protein aggregates in MFMs.
Differences do exist between myotilinopa-
thies and desminopathies, but these are
largely related to the characteristics of the
protein deposits rather than to the specific-
ity of the oxidative lesions. Similarly,

enhanced immunostaining to eNOS,
iNOS and nNOS is found in myotilinop-
athies and desminopathies; and RAGE and
SOD2 expression is activated in both
groups of MFMs.

However, glycoxidative and lipoxidative
markers do not match in a particular
fiber with abnormal protein aggregates.
Although AGE co-localizes with protein
aggregates, MDAL immunoreactivity is
largely located at the external borders of
protein deposits. This is further demon-
strated with double-labeling immunofluo-
rescence and confocal microscopy, thus
suggesting that different proteins are sub-
strates for glycoxidation, lipoxidation or
both. It is also interesting to demonstrate
re-localization of NO-producing enzymes
in association with abnormal protein

deposits in myotilinopathies and desmino-
pathies. Similar sub-cellular re-distribu-
of NOS has been previously
demonstrated in dystrophinopathies (1,
23, 36), and it is likely related to the pro-

duction of NO as a mediator to reduce

tion

cellular susceptibility to metabolic stress
(24, 31).

Characterization of targets to oxidation
and nitration is a means of identifying par-
ticular cytoskeletal proteins and enzymes,
but preliminary studies have shown
desmin to be the main target of glycoxida-
tion and nitration in myotilinopathies and
desminopathies (15). The present findings
show that other proteins, in addition to
desmin, may be putative substrates of oxi-
dation and nitration in MFMs. In this line,

double-labeling immunofluorescence and
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Figure 10. Double-labeling to AGE (green, A,D) and desmin (red, B,E) in desminopathy. AGE deposition
is observed in several fibers, even some fibers which do not contain desmin aggregates. Partial co-
localization of AGE and desmin is present in some fiber regions (merge, yellow, C,F). One section of the
same case stained only with the secondary antibodies is used as a negative control (G-1). Nuclei are
visualized with To-pro®-3-iodide (blue).

confocal microscopy revealed co-localiza-
tion of AGE and myotilin, and of AGE
and desmin in damaged muscle fibers
in myotilinopathies and desminopathies,
respectively. Interestingly, AGE adducts
were not only present in muscle fibers con-
taining myotilin aggregates in myotilinop-
athies, but also in fiber areas devoid of
AGE

located at the center of the desmin deposits

myotilin deposits. adducts  were
in desminopathies.

Oxidized proteins appear to be degraded
by the 20S proteasome (2). Yet excessive
oxidative stress may render the proteolytic
capacity of this system insufficient, and
thereby facilitate the accumulation of
abnormal and often disabled proteins,
through covalent cross-linking reactions
and increased surface hydrophobicity (2, 3,
13). Previous studies have shown abnormal
ubiquitin-proteasome system (UPS) in
MFM, basically characterized by abnormal
expression of several subunits of the 19S

and 20S proteasome, up-regulation of the
immunoproteasome and enzymatic pro-
teolitic activity (7). This is accompanied by
increased clusterin and immunoreactivity
in association with abnormal protein
deposits, and expanded aggresome as
revealed by increased immunoreactivity to
Y-tubulin in damaged fibers (8). Fur-
thermore, mutant (UBB*™)
has recently been found to accumulate in

ubiquitin

muscle fibers in myotilinopathies and
desminopathies (21). Finally, p62 was
demonstrated in association with protein
deposits in MFMs (21). p62 is a protein
for which a role in protein aggregation and
degradation has recently been attributed;
p62 is able to self-aggregate and it has high
affinity for multi-ubiquitin chains (9, 23,
26, 33, 37).

In the present study, AGE co-localized
p62 and ubiquitin in several abnormal pro-
tein aggregates, thus establishing a link
between protein oxidation and protein
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aggregation in myotilinopathies and

desminopathies. As the oxidation of pro-
teins not only facilitates their aggregation,
but also makes them resistant to pro-
teolytic machinery, the present observa-
tions suggest that oxidative damage added
to protein mutation is an important con-
tributory factor to muscle fiber damage in
myotilinopathies and desminopathies.
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Desmin Is Oxidized and Nitrated in Affected Muscles
in Myotilinopathies and Desminopathies
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Abstract

Degenerative diseases with abnormal protein aggregates are
characterized by the accumulation of proteins with variable post-
translational modifications including phosphorylation, glycoxida-
tion, oxidation, and nitration. Myofibrillar myopathies, including
myotilinopathies and desminopathies, are characterized by the in-
tracytoplasmic focal accumulation of proteins in insoluble aggre-
gates in muscle cells. By using single immunohistochemistry,
monodimensional gel electrophoresis and Western blotting, and
bidimensional gel electrophoresis, in-gel digestion, and mass spec-
tometry, desmin was demonstrated to be a major target of oxidation
and nitration in both desminopathies and myotilinopathies. Because
oxidized and nitrated proteins may have toxic effects and may
impair ubiquitin-proteasomal function, modified desmin can be
considered to be an additional element in the pathogenesis of
myofibrillar myopathies. In addition to desmin, pyruvate kinase
muscle splice form M1 is oxidized, thus supporting complemental
mitochondrial damage, at least in some cases of myotilinopathy.

Key Words: Desmin, Desminopathy, Myofibrillar myopathies,
Myotilin, Myotilinopathy, Nitration, Oxidation damage, Oxidative
stress.

INTRODUCTION

Myofibrillar myopathies (MFMs) are familial or spo-
radic muscle disorders characterized morphologically by
intracytoplasmic focal accumulation of proteins in insoluble
aggregates in muscle cells (1-3). This heterogeneous group
of diseases was previously designated as desmin-related
myopathy or desmin-storage myopathy, because desmin ac-
cumulation is constantly found in muscle fibers in these
conditions. MFMs are caused by mutations in different
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genes, including desmin (4-6), aB-crystallin (7), selenopro-
tein N (8), myotilin (9, 10), ZASP (11), and filamin (12). A
major morphologic hallmark of MFMs is the presence of
insoluble protein aggregates in muscle cells. In addition to
desmin and myotilin, protein aggregates in MFMs are
enriched by cytoskeletal proteins, chaperones, phosphory-
lated tau and B-amyloid, plectin, gelsolin, clusterin, and
ubiquitin (2, 3, 10, 13-15). Whether oxidative and nitro-
sative damage occurs in MFMs is not known; however, this
is an important issue because oxidized and nitrated proteins
have abnormal properties that may impair their normal
function. Moreover, oxidized proteins may weaken the
normal ubiquitin-proteasomal pathway of protein degrada-
tion, and, consequently, they may favor the accumulation of
nondegraded proteins (16).

Proteomics has permitted the identification of proteins
vulnerable to oxidation in muscles under certain physiologic
and pathologic conditions. Thus, ATP synthase B-chain,
desmin, actin, and myosin contain oxidatively induced car-
bonyls in muscles of the non-insulin-dependent diabetes
mellitus model Otsuka Long-Evans Tokushima fatty rat
compared with the control Long-Evans Tokushima Otsuka
rat (17). Postischemia reperfusion in isolated rat hearts results
in myofibrillar protein oxidation involving actin, desmin, and
tropomyosin (18). Myosin heavy chain is oxidized in hyper-
thyroid rat soleus (19). Several proteins contain 3-nitrotyrosine
(N-Tyr) in rat cardiac muscle with aging (20).

This study is focused on the detection of putative tar-
gets of oxidative and nitration damage in myotilinopathies
and desminopathies. For this purpose, muscle biopsies from
patients with these MFMs were processed for single
immunohistochemistry, monodimensional gel electrophore-
sis and Western blotting, and bidimensional gel electropho-
resis, in-gel digestion of selected spots, mass spectometry,
and protein identification. Biochemical evidence of oxida-
tion was carried out by identification of advanced glycation
end products (AGEs). AGEs are carbonyl groups generated
by secondary reaction of the primary amino group of lysine
residues with reactive carbonyl derivatives produced by the
reaction of reducing sugars or their oxidation products with
lysine residues of proteins (glycation/glycoxidation reac-
tions) (21). Identification of nitration was conducted by the
recognition of N-Tyr. In all cases of this series, mutations in
the myotilin or desmin genes were identified; the clinical,
pathologic, and genetic characteristics have been described
in detail elsewhere (10, 22).
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TABLE 1. Summary of Cases

Age/ Age at Site of Muscle
Patient  Gender Onset Biopsy Mutation
1 52/M 50 Lateral MYor
gastrocnemius Ser55Phe
2 80/M 70 Deltoid MyYor
Ser60Phe
3 70/F 58 Vastus lateralis MyYoT
Ser60Cys
4 80/F 77 Vastus lateralis Myor
Lys36Glu
5 73/F 69 Deltoid MYOoT
Ser55Phe
6 49/F 25 Lateral DES
gastrocnemius Pro419Ser
7 46/F 25 Biceps brachii DES Leu392
Pro
8 27M 25 Lateral DES
gastrocnemius Ile367Phe
9 78'M Biceps brachii
10 52/F Deltoid
11 64/F Deltoid
12 33 Vastus lateralis
13 29/F Vastus lateralis
14 IT™ Lateral

gastrocnemius

The present results show desmin to be an important
common target of protein oxidation in myotilinopathies.
Desmin is also a major target of nitration in these diseases.
In addition, mutant desmin has been shown to be oxidized
and nitrated in desminopathies. These results demonstrate
posttranslational modifications of certain proteins in MFMs
and show, for the first time, that desmin is a target vul-
nerable to oxidation and nitration in myotilinopathies and
desminopathies.

MATERIALS AND METHODS

Patients and Muscle Biopsies

Muscle biopsy samples from 5 patients suffering from
myotilinopathy were included in the present study. Samples
were taken from the lateral gastrocnemius in 1 patient,
vastus lateralis in 2 patients, and the deltoid muscle in the
remaining 2 patients. The patients were 3 women and 2 men,
from 52 to 80 years of age (mean age 71 years). Two cases
were sporadic, whereas the disease was inherited following
an autosomal dominant trait in the remaining 3 cases. Four
different myotilin mutations (Ser55Phe, Ser60Cys, Ser60-
Phe, and Lys36Glu) were identified in these patients. Muscle
biopsy samples from 3 patients with desminopathy were
examined in parallel. These patients were 2 women and 1
man, from 27 to 49 years of age (mean age 40.6 years) from
3 different families. Muscle biopsies in these patients were
taken from the lateral gastrocnemius in 2 patients and from
the biceps brachii in the third. Finally, muscle biopsy
specimens from 6 age-matched control subjects were used
for comparative purposes; these were taken from the
gastrocnemius in 1 patient, biceps brachii in 1 patient, del-

712

toid in 2 patients, and vastus lateralis in 2 patients. A
summary of the clinical characteristics of the patients
included in the present study is provided in Table 1.

Immunohistochemistry

Cryostat sections, 8-pm-thick, fixed with acetone
(—20°C for 10 minutes), were incubated with 1% hydrogen
peroxide in 1x PBS for 5 minutes to block endogenous
peroxidase. Unspecific binding reactions were blocked with
10% goat serum in PBS for 2 hours, followed by incubation
with 1 of the primary antibodies diluted in 1x PBS with 3%
goat serum at 4°C overnight. The mouse monoclonal anti-
myotilin antibody (Novocastra, Newcastle, UK) was used at
a dilution of 1:100, the rabbit polyclonal anti-desmin
antibody (GeneTex, San Antonio, TX) at 1:200, the mouse
monoclonal anti-AGE antibody (TransGenic, Kobe, Japan)
at 1:250, and the rabbit polyclonal anti-endothelial nitric
oxide synthase (eNOS) antibody (Chemicon, Barcelona,
Spain) at 1:50. After washing, the sections were processed
with the Super Sensitive Link-Label IHC Detection System
(BioGenex, San Ramon, CA) following the instructions of
the manufacturer. The immunoreaction was visualized as a
dark blue precipitate using NH,NiSO,4 (0.05 M) diluted in
phosphate buffer (0.1 M) with 0.03% diaminobenzidine,
0.04% NH,CI, and 0.001% hydrogen peroxide. Sections

A _ M@n’%

FIGURE 1. Muscle pathology in 1 myotilinopathy case
showing several fibers containing eosinophilic inclusions (A),
which stain blue-red or dark-blue on modified trichrome stain
(B). Strong myotilin (€) and desmin (D) immunoreactivity is
observed within the cytoplasm in several fibers. Prominent
advanced glycation end products (E) and endothelial nitric
oxide synthase (F) deposition are seen in muscle fibers
containing aggregates. Scale bar = 50 pm.
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FIGURE 2. Monodimensional gel electrophoresis and Western blotting for advanced glycation end products (AGEs) and
nitrotyrosine (N-Tyr) in myotilinopathies. Although the pattern of AGE immunoreactivity is similar in controls and diseased cases,
a band of ~57 kDa is prominent in myotilinopathy (m) compared with controls (c). Significant differences are seen between

controls and diseased cases (p < 0.01, Student t-test). Western
compared with controls. Densitometric studies show significant

blots for N-Tyr show a band of ~50 kDa in myotilinopathy
differences between controls and diseased cases (p < 0.01,

Student t-test). The same cases (same lane order distribution) blotted with anti-myotilin antibodies show intragroup variations,
although myotilin (66 kDa) levels are higher in 3 cases. Western blots for desmin (53 kDa) show a significant increase in the
density of the specific band (p < 0.01, Student t-test). Coomassie Blue, with the suspected molecular mass of myosin as a marker,

was used to control protein loading.

processed only with the secondary antibody were used as
negative controls. Additional sections were stained with
hematoxylin and eosin in every case.

Monodimensional Gel Electrophoresis
and Western Blotting

Roughly 50 mg of frozen muscle samples was
homogenized with a manual glass homogenizer in ice with
1 mL of homogenizer buffer (75 mM Tris-HCl, pH 6.8,
0.001% [w/v] bromphenol blue, 15% (w/v) sodium dodecy!
sulfate [SDS], 20% [v/v] glycerol, 5% [v/v] phenylmethyl-
sulfonyl fluoride [P-7626], 1 wg/mL pepstatin A [P-4265],
10 pg/mL leupeptin [L-2884], and 10 pg/mL aprotinin
[A-1153]; all from Sigma, Madrid, Spain). Total homoge-
nates were boiled at 94°C for 4 minutes and centrifuged at
9,500 x g for 5 minutes. Pellets were discarded; the
concentration of the resulting supernatants was determined
by the RC-DC Protein Assay (Bio-Rad, Madrid, Spain), and
25-pL aliquots were stored at —80°C.

For Western blot studies, 24 pg was mixed with sam-
ple buffer 4 times, processed for 8% SDS-polyacrylamide
gel electrophoresis (20 mA/gel for 60 minutes at 4°C), and
then transferred to nitrocellulose membranes (20 V and
40 mA/gel for 50 minutes) in a Semi-Dry Transfer System
(Bio-Rad). Once membranes were stained with Ponceau
solution (Sigma) as a transfer quality control, they were
immediately incubated with 5x Western Blocking Reagent
(Roche, Mannheim, Germany) or with 5% skimmed milk in
1x PBS at 4°C overnight. After 24 hours, the membranes
were incubated with 1 of the primary antibodies diluted in

© 2007 American Association of Neuropathologists, Inc.

TBS-T (100 mM Tris base, 1.4 M NaCl, and 0.1% [v/v]
Tween 20, pH 7.4) with 1% Western Blocking Reagent or
with 5% skimmed milk in 1x PBS at 4°C overnight. The
mouse monoclonal anti-AGE antibody was used at a dilution
of 1:500; the mouse monoclonal anti-desmin antibody
(DakoCytomation, Barcelona, Spain) was used at 1:5000,
and the mouse monoclonal anti-myotilin antibody was used
at a dilution of 1:7000. The mouse monoclonal anti-N-Tyr
antibody (Zymed, San Francisco, CA) was diluted at 1:500
to 1:1000. Subsequently, the membranes were washed with
TBS-T or with 5% skimmed milk in 1x PBS, and then
incubated with anti-mouse IgG secondary antibody labeled
with horseradish peroxidase (DakoCytomation) at a dilution
of 1:1000 in the same buffer (TBS-T with 0.5% Blocking
Reagent) for 45 minutes at room temperature. After washing
the membranes with TBS-T or PBS, the protein bands were
detected with the enhanced chemiluminescence method
(Amersham Biosciences, Little Chalfont, UK). The myosin
band of ~200 kDa, stained with Coomassie Brilliant Blue R
(Sigma), in the posttransfer gel, was used as a loading
protein control.

Bidimensional Gel Electrophoresis
and Western Blotting

Approximately 20 mg of frozen muscle sample was ho-
mogenized with a manual glass homogenizer in ice with 800
pL of lysis buffer (40 mM Tris-base, 9 M urea, 2 M thiourea,
and 4% [w/v] 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonic acid; Bio-Rad) and a mix of protease
inhibitors containing 1 mM phenylmethylsulfonyl fluoride,
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FIGURE 3. Bidimensional gel electrophoresis and advanced glycation end product (AGE) blotting in myotilinopathy. One
diseased case and 1 control were processed in parallel. Spots of ~50 kDa whose AGE-immunoreactive density was higher in
myotilinopathy were identified (circles) and excised in parallel gels stained with Coomassie Blue. Spots 3.2 and 3.3 were selected

for study.

1 wg/mL pepstatin A, 10 pwg/mL leupeptin, and 10 pg/mL
aprotinin (all from Sigma). Then, total homogenates were
centrifuged at 16,000 x g and 20°C for 5 minutes, pellets
were discarded, protein concentrations of the resulting
supernatants were measured with the Bradford assay
(Sigma), and aliquots were stored at —80°C.

Before the 7-cm, pH 3 to 10 nonlinear gradient
ReadyStrip IPG strips (Bio-Rad) were rehydrated with the
samples, 0.8% Bio-Lyte 3/10 Ampholites (Bio-Rad), 2 mM
tributylphosphine (Sigma), and 0.0004% bromphenol blue
were added to aliquots containing 200 g of total protein in
a final volume of 125 pL. Immobilized IPG strips were used

to run the first dimension electrophoresis, and 125 pL of the
sample was applied along the length of the strips, which
were actively rehydrated for 12 hours at 50 V. Subsequently,
proteins were focused at 200 V for 1 hour, 500 V for 1 hour,
1,000 V for 1 hour, and 8,000 V for 1 hour, and, finally, the
voltage was kept at 8,000 V to reach a total of 24 kVh.
Before the second dimension separation was run, IPG
strips were equilibrated twice for 15 minutes each time in
equilibration buffer (50 mM Tris-HCI, pH 8.8, 6 M urea, 30%
[v/v] glycerol, 2% [w/v] SDS, and 0.0002% bromphenol blue)
with 1% dithiothreitol (Sigma). The gel was treated with 4%
iodoacetamide (Bio-Rad). Subsequently, strips were placed

TABLE 2. Advanced Glycation End Product-Modified Proteins in Myotilinopathies

Spot Calculated pl Nominal Mass (Da) Protein Score Sequence Coverage (%) Number of Peptides Matched Gl accession
32 5.21 53,560 Desmin 219 31 12 GI/55749932
33 5.21 53,560 Desmin 192 27 15 G1/55749932
4.2 5.21 53,560 Desmin 219 38 15 Gl/55749932

Identification of spots labeled 3.2 and 3.3 in Figure 3. Results are from the MASCOT search engine of MALDI-TOF/TOF data against the database.
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FIGURE 4. Bidimensional gel electrophoresis and nitrotyroine (N-Tyr) blotting in myotilinopathy. One diseased case and 1
control were processed in parallel. Spots of ~50 kDa whose N-Tyr-immunoreactive density was higher in myotilinopathy were
identified (circles) and excised in parallel gels stained with Coomassie Blue. Spots 5.2 and 5.3 were selected for study.

on 10% SDS-polyacrylamide gel and electrophoresis was run
at 35 mA/gel for 1.5 hours.

Two bidimensional electrophoreses of each sample
were run in parallel. Later, 1 gel was stained with Bio-Safe
Colloidal Coomassie Blue G-250 stain (Bio-Rad), as de-
scribed by the manufacturer, and the other gel was trans-
ferred to a nitrocellulose membrane (20 V and 50 mM/gel
for 70 minutes). Once the membranes were stained with
Ponceau solution (Sigma) as a transfer quality control, they
were immediately incubated with 1x Western Blocking
Reagent at 4°C overnight. The next day, the membranes
were incubated with 1 of the primary antibodies. The mouse
monoclonal anti-AGE antibody was used at a dilution of
1:500, whereas the mouse monoclonal anti-N-Tyr antibody
was diluted 1:1,000/1:2,000; both were kept in TBS-T with
1% Western Blocking Reagent at 4°C overnight. After
incubation with the primary antibodies, the membranes were

washed with TBS-T and then incubated with the correspond-
ing secondary antibody labeled with horseradish peroxidase
at a dilution of 1:1000 in the same buffer (TBS-T with 0.5%
blocking reagent) for 45 minutes at room temperature. After
washing the membranes with TBS-T, protein bands were
detected by the enhanced chemiluminescence method.

In-Gel Digestion

Proteins were manually excised from the 2-dimensional
gels and in-gel digested with trypsin (sequencing grade
modified, Promega, Barcelona, Spain) in the automatic
Investigator ProGest robot of Genomic Solutions. Briefly,
gel-excised spots were washed sequentially with ammonium
bicarbonate buffer and acetonitrile. Then, proteins were
reduced and alkylated for 30 minutes each, with 10 mM
dithiothreitol solution and 100 mM solution of iodoaceta-
mide, respectively. After sequential washings with buffer and

TABLE 3. Nitrated Proteins in Myotilinopathies

Spot Calculated pl Nominal Mass (Da) Protein Score Sequence Coverage Number of Peptides Matched GI accession

5.2 5.21 53,560 Desmin 348 51 26 GI/55749932

5.3 5.21 53,560 Desmin 329 53 28 Gl/55749932

5.1 5.21 53,560 Desmin 390 61 37 GI1/55749932

5.4 5.21 53,560 Desmin 402 72 43 GI/55749932
Identification of spots labeled 5.2 and 5.3 in Figure 4. Results are from the MASCOT search engine of MALDI-TOF/TOF data against the database.
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FIGURE 5. (A) Muscle biopsy in 1 patient suffering from desminopathy showing patches of dark material on modified
trichrome stain. (B) Desmin immunoreactivity in muscle fibers. Weak AGEs (€) and marked eNOS (D) immunoreactivity are also

observed in certain muscle fibers. Scale bar = 50 um.

acetonitrile, proteins were digested overnight at 37°C with
0.27 nM trypsin. Tryptic peptides were extracted from the gel
matrix with 10% formic acid and acetonitrile. The extracts
were pooled and dried in a vacuum centrifuge.

Acquisition of Mass Spectrometry and Tandem
Mass Spectrometry Spectra

Digested samples were analyzed by mass spectrometry
either via liquid chromatography-electrospray ionization-
tandem mass spectrometry (MS/MS) and/or matrix-assisted
laser desorption ionization (MALDI)/time of flight (TOF)-
mass spectrometry-MS/MS. In the first case, the tryptic-
digested peptide samples were analyzed using on-line liquid
chromatography (CapLC; Micromass-Waters, Manchester,
UK) coupled with MS/MS (Q-TOF Global; Micromass-
Waters). Samples were resuspended in 12 wL of 1% formic
acid solution, and 4 pL was injected for chromatographic
separation into a reverse-phase capillary C;g column (75 pm
internal diameter and 15 c¢m in length, PepMap column; LC
Packings, Amsterdam, Netherlands). The eluted peptides
were ionized via coated nano-ES needles (PicoTipTM; New
Objective, Woburn, MA). A capillary voltage of 1,800 to
2,200 V was applied together with a cone voltage of 80 V.
The collision in the collision-induced dissociation was 25 to
35 eV, and argon was used as the collision gas.

Analysis by MALDI-TOF was done in a MALDI-
TOF/TOF mass spectrometer (4700 Proteomics Analyzer;
Applied Biosystems, Foster City, CA). In this case, the digests
were resuspended in 10 wL of 0.1% trifluoroacetic acid; 5 pL
was cleaned up and concentrated in homemade microcolumns
(23) and eluted directly on a MALDI plate with 0.8 pL of
hydroxycinnamic acid (2 pg/wL in 70% acétonitrile-0.1%
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trifluoroacetic acid). The most intense peaks were selected for
further characterization by MS/MS analysis.

Database Search

Data from the Q-TOF were generated in PKL file
format and the spectra from MALDI-TOF were submitted
for database searching in a generic MASCOT format. Both
sets of data were submitted for database searching in a
MASCOT server (Matrix Science, Boston, MA) using the
National Center for Biotechnology Information database
with the following parameters: trypsin enzyme, 1 missed
cleavage, carbamidomethyl (C) as fixed modification and
oxidized (M) as variable modification, and mass tolerance of
100 ppm. A probability-based MOWSE score was used to
determine the level of confidence in the identification of
specific isoforms from the mass spectra.

Image Processing and Statistical Analysis

The densitometric quantification of Western blot bands
was carried out with Total Lab v2.01 software, and the data
obtained were analyzed using Statgraphics Plus v5.1 soft-
ware. Differences between control and diseased samples
were analyzed with the Student r-test: *, p < 0.05 or **,
p <0.01.

Identification of Mutant Desmin

Searches from spots resulting in positive identification
of human desmin were checked for the presence of
unassigned m/z corresponding to mutant desmin tryptic
peptides. The identification of the mutant desmin was done
from MS/MS analysis of such unassigned peptide signals.
De novo sequencing was performed on data from such
samples with Proteinlynx software (Micromass-Waters), and
sequences were manually checked for confirmation and

© 2007 American Association of Neuropathologists, Inc.
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FIGURE 6. Monodimensional gel electrophoresis and Western blotting for advanced glycation end products (AGEs) and
nitrotyrosine (N-Tyr) in desminopathies. Western blots for AGEs show a band of ~50 kDa, which is higher in desminopathies (d)
compared with controls (¢) (p < 0.05, Student t-test). Western blots for N-Tyr show a band of ~50 kDa in desminopathy
compared with controls. Densitometric studies show significant differences between control and diseased cases (p < 0.01,
Student t-test). Western blots for desmin show increased protein levels in desminopathy and myotilinopathy compared with
controls (p < 0.05, Student t-test). Yet no differences are observed in the amount of desmin between desminopathies and
myotilinopathies. Coomassie Blue staining was used to control protein loading.

annotation of nonassigned peaks. In addition, de novo results ~ or multiple eosinophilic hyaline inclusions, which stained

were confirmed with Peaks v4.2 software. dark blue or blue-red on modified trichrome stain. Variation
in the fiber size, increased numbers of internal nuclei,

RESULTS spheroid bodies and rare cytoplasmic bodies, and the pre-

sence of rimmed and nonrimmed vacuoles were also ob-

General Aspects in Myotilinopathies served. Immunohistochemical studies revealed prominent

The most characteristic finding in myotilinopathy was  protein aggregates strongly reactive with anti-myotilin and
the presence of variable numbers of fibers containing single anti-desmin antibodies. Focal, strong AGE immunoreactivity

TABLE 4. Advanced Glycation End Product-Modified Proteins in Desminopathies

Calculated Nominal Mass Sequence Number of Peptides
Spot pl (Da) Protein Score Coverage (%) Matched GI Accession
5A2 5.21 53,560 or Desmin and/or mutant 761 43 17 G1/55749932 or not
approx. desmin assigned
5A3 5.21 53,560 or Desmin and/or mutant 863 45 18 GI/55749932 or not
approx. desmin assigned
5B 5.21 53,560 or Desmin and/or mutant 686 34 16 GI/55749932 or not
approx. desmin assigned
6Al 5.21 53,560 or Desmin and/or mutant 517 30 12 G1/55749932 or not
approx. desmin assigned
| 6A2 521 53,560 or Desmin and/or mutant 804 37 17 G1/55749932 or not
| approx. desmin assigned
6A3 521 53,560 or Desmin and/or mutant 587 30 12 G1/55749932 or not
approx. desmin assigned
6A4 5.21 53,560 or Desmin and/or mutant 748 34 16 GI/55749932 or not
approx. desmin assigned

Identification of spots. Results from the MASCOT search engine of MALDI-TOF/TOF data against the database. approx., approximately.
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was observed in muscle fibers containing protein aggregates.
The immunoreaction was particularly strong in spheroid
bodies. Cytoplasmic eNOS immunoreactivity decorating
protein aggregates was also observed in myotilinopathies.
The number of fibers displaying AGEs and eNOS immuno-
reactivity varied from 1 case to another but always cor-
related with the number of fibers containing protein
aggregates as seen on myotilin and desmin immunostains

(Fig. 1).

Monodimensional Gel Electrophoresis and
Western Blotting to Advanced Glycation End
Products and Nitrotyrosine in Myotilinopathies

Western blotting for AGEs revealed a similar pattern
of oxidized proteins between controls and myotilinopathy
cases. However, a band of ~57 kDa was clearly higher in
myotilinopathy, the difference being significant (p < 0.01,
Student #-test) when the density of this band was compared
in controls and diseased cases (Fig. 2). The same cases
blotted with anti-myotilin antibody showed no statistically
significant differences between controls and diseased cases
due to the pronounced intragroup variations in the amount of
myotilin expressed in myotilinopathy cases. Despite these
individual differences, a marked increase of myotilin was
found in 3 cases (Fig. 2). In contrast to myotilin, a significant
increase of desmin (53 kDa) was observed in myotilinopathy
cases as a group (p < 0.05, Student r-test) (Fig. 2). Inter-
estingly, the only myotilinopathy case with a tenuous AGE
immunoreactive band of ~50 kDa was the 1 with the lowest
content of myotilin and desmin on Western blots.

Western blotting for N-Tyr revealed a similar pattern
of nitrated proteins between controls and myotilinopathies,
except for a strong band of ~50 kDa, which was more in-
tense in pathologic cases (Fig. 2). Densitometric studies
showed significant differences in myotilinopathy compared
with controls (p < 0.01, Student t-test). The only myotilin-
opathy case that did not show differences with controls was
the biopsy of a muscle showing only a few fibers with
protein aggregates.

Bidimensional Gel Electrophoresis, Advanced
Glycation End Product Blotting, and
Characterization of Advanced Glycation End
Product-Modified Proteins in Myotilinopathies

Several spots were identified in blots processed for
AGEs in control and diseased cases. However, the attention
was focused on putative spots of ~50 kDa. Spots of this
approximate molecular mass whose density was higher in
myotilinopathy than in controls were excised, in-gel
digested, and analyzed with MS. Similar spots were found
in the 2 myotilinopathies examined (Fig. 3). MALDI-TOF/
TOF-MS identified these spots as desmin with a MOWSE
score close to 200, thus indicating a high confidence of
identification (Table 2).

Bidimensional Gel Electrophoresis,
Nitrotyrosine Blotting, and Identification
of Nitrated Proteins in Myotilinopathies
Immunoblots displayed many nitrated spots, but only
spots located between 45 and 66 kDa and showing clear
differences between pathologic and control cases were
selected for further study. Similar profiles were observed in
all myotilinopathy cases with protein aggregates (Fig. 4).
MALDI-TOF/TOF MS identified these spots as desmin with
a MOWSE score >300, thus indicating a very high con-
fidence of identification (Table 3).

General Aspects in Desminopathies

Muscle biopsies in desminopathy cases showed non-
hyaline inclusions that were best identified with modified
trichrome stain. Hyaline inclusions were rarely observed.
Variation in the fiber size and small numbers of rimmed
vacuoles were found in every case. Immunohistochemistry
revealed desmin and aB-crystallin deposition in the sub-
sarcolemma or within the cytoplasm. AGE immunoreactivity
was observed in a subset of fibers containing desmin de-
posits. eNOS immunoreactivity decorating the cytoplasmic
inclusions was found in every case (Fig. 5).

TABLE 5. Nitrated Proteins in Desminopathies

Calculated Nominal Mass Sequence Number of Peptides

Spot pl (Da) Protein Score Coverage (%) Matched GI Accession

5NI1 5.21 53,560 or Desmin and/or mutant 878 38 15 G1/55749932 or not
approx. desmin assigned

SN2 5.21 53,560 or Desmin and/or mutant 1074 48 20 GI1/55749932 or not
approx. desmin assigned

5N3 5.21 53,560 or Desmin and/or mutant 1031 47 23 G1/55749932 or not
approx. desmin assigned

5N4 521 53,560 or Desmin and/or mutant 878 40 17 G1/55749932 or not
approx. desmin assigned

6N2 521 53,560 or Desmin and/or mutant 958 39 24 G1/55749932 or not
approx. desmin assigned

6N3 5.21 53,560 or Desmin and/or mutant 862 39 18 G1/55749932 or not
approx. desmin assigned

Identification of spots. Results from the MASCOT search engine of MALDI-TOF/TOF data against the datab approx., approximately.
718 © 2007 American Association of Neuropathologists, Inc.
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Monodimensional Gel Electrophoresis and
Western Blotting for Advanced Glycation End
Products and Nitrotyrosine in Desminopathies

Western blotting for AGEs showed a band of ~50 kDa
higher in desminopathies compared with controls. The
increased immunoreactivity was significant (p < 0.05, Stu-
dent t-test) (Fig. 6). Western blots to desmin showed
increased levels of the protein in desminopathy compared
with controls (p < 0.05, Student t-test). Similar amounts
of desmin were observed in myotilinopathy and desmin
cases processed in parallel (Fig. 6). Western blotting for N-
Tyr revealed a similar pattern of nitrated proteins between
controls and desminopathies, except for a strong band of
~50 kDa that was more intense in pathologic cases (Fig. 6).
Densitometric studies showed significant differences in
desminopathy compared with controls (p < 0.0, Student
t-test).
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Bidimensional Gel Electrophoresis and
Advanced Glycation End Product Blotting
in Desminopathies

Several spots were identified in blots processed for
AGE in control and diseased cases. Spots of ~50 kDa molecu-
lar mass whose density was higher in desminopathy than
in controls were selected for further study. Similar spots
were seen in the 2 desminopathy cases examined (data not
shown). MALDI-TOF/TOF-MS identified these spots as
desmin or mutant desmin with a MOWSE score >500, thus
indicating a very high confidence of identification (Table 4).

Bidimensional Gel Electrophoresis and
Nitrotyrosine Blotting in Desminopathies
Several spots were identified in blots processed for
N-Tyr in control and diseased cases. Spots of ~50 kDa
molecular mass whose density was higher in desminopathy
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FIGURE 7. Comparison of spectra corresponding to desmin tryptic peptides with (1561.6 Da) and without (1527.6 Da) lle/Phe
mutation. Both were found in samples from the patient with an known lle/Phe mutation in the desmin gene (Table 1, case 8).
Assigned spectra for tryptic peptide FASEASGYQDNIAR (A) and FASEASGYQDNFAR (B). The squared regions are amplified in (C)
and (D), respectively, for the MS/MS spectra of FASEASGYQDNIAR and FASEASGYQDNFAR.
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than in controls were selected for further study. Similar spots  |dentification of Mutant Desmin Excised

were seen in the 2 desminopathy cases examined (data not  From Bidimensional Gels

shown). MALDI-TOF/TOF-MS identified these spots as Mass analysis of tryptic peptides showed the presence
desmin or mutant desmin with a MOWSE score >800, thus  of peptides corresponding to FASEASGYQDN/AR and
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FIGURE 8. Comparison of spectra corresponding to desmin tryptic peptides with (1104.7 Da) and without (1120.7 Da) Leu/Pro
mutation. Both were found in samples from the patient with the Leu/Pro mutation in the desmin gene (Table 1, case 7). Assigned
spectra for tryptic peptides EYQDLLNVK (A) and EYQDLPNVK (B).
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TABLE 6. Advanced Glycation End Product-Modified Pyruvate Kinase in Myotilinopathy

Calculated Nominal Mass Sequence Coverage Number of Peptides GI
Spot pl (Da) Protein Score (%) Matched accession

6.1 7.20 58,479 Pyruvate kinase muscle splice 450 18 11 Gl
form M1 2117873

6.2 7.20 58,479 Pyruvate kinase muscle splice 117 27 12 Gl/
form M1 2117873

6.3 7.20 58,479 Pyruvate kinase muscle splice 702 3 25 G/
form M1 2117873

6.4 7.20 58,479 Pyruvate kinase muscle splice 105 7 7 Gl
form M1 2117873

6.5 7.20 58,479 Pyruvate kinase muscle splice 329 13 9 Gl/
form M1 2117873

Numbers of spots are numerical codes used for identification of proteins. These modifications are not constant but rather present in individual cases.

respectively) that were matched to desmin protein in data-
base search. Moreover, some unidentified peptides with
masses of 1561.7 and 1104.6 Da were also observed. Such
peptides were further analyzed by MS/MS, showing 2
mutations in the amino acid sequence of desmin. In the
peptide FASEASGYQDN/AR 1 residue of Ile was replaced
by Phe (FASEASGYQDNFAR, theoretical mass 1561.67
Da). In the peptide EYQDLLNVK 1 residue of Leu was
replaced by Pro (EYQDLPNVK, theoretical mass 1104.55
Da). De novo sequencing was performed with MS/MS from
these peptides to confirm that their fragmentation spectra
matched the sequences (Figs. 7, 8).

Additional Putative Damaged Proteins

In addition to the striking modification of desmin,
other spots were selected for study in myotilin disorders. As
seen in Table 6, pyruvate kinase muscle splice form M1 was
oxidized. Damage to these proteins was variable from 1 case
to another, with no particular association with gender,
course, or disease phenotype.

DISCUSSION

Oxidation of proteins in tissues, including striated
muscle, is a normal process that triggers antioxidative
defenses. Oxidative stress and responses are modified by
age, gender, and regional variations (24-26). Focusing on
muscular disorders, free radical toxicity has been implicated
in the pathogenesis of a wide variety of disorders, including
inclusion body myositis and myopathies (27, 28), mito-
chondrial myopathies (29), distal myopathies with rimmed
vacuoles (30), and inflammatory myopathies (31). Increased
protein carbonyl levels in muscles and increased protein
oxidative damage have been described in Duchenne and
other muscular dystrophies (32, 33). Free radical damage to
DNA has also been observed in Duchenne and Becker
muscular dystrophies (34). Levels of carboxymethyllysine-
modified proteins are increased in inflammatory myopathies,
and carboxymethyllysine immunoreactivity is found in
degenerating and regenerating muscle fibers and in inflam-
matory cells (35). Reduction of nitric oxide in human and
murine muscular dystrophies reduces nitric oxide-mediated
protection against ischemia and increases cellular suscepti-
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bility to metabolic stress (36, 37). Reduction of nitric oxide
is associated with an abnormal distribution of nitric oxide
synthases in affected muscles (38, 39) and with an increase
in N-Tyr (40). Recent studies point to the synergistic
interaction between mechanical and oxidative/nitrosative
stresses of sarcolemmal damage in dystrophinopathies (41);
however, there is no information available on the possible
protein targets of oxidative stress in human myopathies.

The present observations have shown AGE and N-Tyr
immunoreactive protein species in normal aged human
muscle. Yet a marked increase of oxidative and nitrosative
damage occurs in MFMs. A major target protein for oxi-
dation and nitration is desmin in both myotilinopathies and
desminopathies, as revealed by bidimensional gel electro-
phoresis, Western blotting, mass spectometry, and protein
identification.

Oxidized proteins are removed by the ubiquitin-
proteasome system (42-44). However, previous studies have
shown abnormal ubiquitin-proteasome systems in MFMs
(14), as well as focal abnormal expression of mutant ubi-
quitin and p62 in damaged fibers in myotilinopathy (45).
These observations suggest that degradation of proteins is
undermined in MFMs, and, in addition to the production of
abnormal proteins, there is a debilitated mechanism of
protein degradation in MFMs. The presence of oxidized
proteins such as desmin may have a further impact on the
abnormal function of the ubiquitin-proteasome system in
these disorders (16). Whether age and, more specifically, the
oxidative shift in old age (46) may accelerate desmin oxi-
dation in myotilinopathies is not known. However, this
mechanism could facilitate our understanding of the neuro-
logic deficits in older individuals, a typical feature of the
neurologic phenotype in myotilinopathy.

The causes of oxidative stress leading to oxidative
damage are not fully known in MFM, but several concomi-
tant factors may contribute to the progression of oxidative
and nitrosative injuries in MFMs. Mitochondrial dysfunc-
tions involving low respiratory chain complex I activity have
been described in MFMs (47). Increased numbers and ab-
normal distribution of mitochondria are also seen in some
biopsies of patients with MFMs. Morphologic changes of
mitochondria, abnormal localization and distribution, and
abnormal respiratory function have been found in muscles of
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desmin-null mice (48). The present results also suggest that
oxidation of the mitochondrial enzyme pyruvate kinase is a
putative component of impaired mitochondrial function, at
least in some cases of myotilinopathy. Studies are needed,
however, to examine more deeply the nature of altered
mitochondria in MFMs.

Together, the present observations suggest that oxida-

tive/nitrosative stress as an important pathogenic factor in
MFM and that oxidative protein damage is a complementary
element of myodegeneration in these disorders (49). These
results further reveal that there is an accumulation of
proteins in MFMs and that posttranslational modifications
of key proteins and, more specifically, of desmin, occur in
myotilinopathies and desminopathies.
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Expression of mutant ubiquitin (UBB*") and p62 in myotilinopathies and desminopathies

Protein aggregates in muscle cells are the morphological
hallmark of myofibrillar myopathies, including myotilino-
pathies and desminopathies. The aim of the present study
is to analyse the expression of mutant ubiquitin (UBB*),
an aberrant form of ubiquitin which accumulates in
certain disorders characterized by intracellular aggregates
of proteins, and p62, a multimeric signal protein which
plays an active role in aggregate formation, in muscle
biopsies from patients suffering from myotilinopathy and
desminopathy in order to gain understanding of the
mechanisms leading to protein aggregation in these
disorders. Single immunohistochemistry, and single-
and double-labelling immunofluorescence and confocal
microscopy for UBB*' and p62, has been performed in
muscle biopsies from patients suffering from myotilinopa-

thy and desminopathy. Strong UBB*! immunoreactivity,
colocalizing with myotilin aggregates, was found in
muscle fibres in myotilinopathies. UBB*! accumulation,
colocalizing with desmin aggregates, also occurs in desmi-
nopathies. In addition, strong p62 immunoreactivity
colocalizing with myotilin aggregates was observed in
myotilinopathies. Similarly, p62 immunoreactivity colo-
calizing with desmin aggregates was found in desminopa-
thies. The present findings suggest that accumulation of
protein aggregates in myotilinopathies and in desminopa-
thies may be related with UBB*'/abnormal protein com-
plexes which are resistant to proteasome degradation.
Furthermore, these observations suggest a relationship
between the presence of p62 and the formation of inclu-
sions in different subtypes of myofibrillar myopathies.

Keywords: desminopathies, mutant ubiquitin, myofibrillar myopathies, myotilinopathies, p62, proteasome

Introduction

The term myofibrillar myopathy (MFM) refers to a group of
familial or sporadic muscle disorders characterized mor-
phologically by focal dissolution of myofibrils, accumula-
tion of the products of myofibrillar degradation and
ectopic expression of multiple proteins [1-3]. This hetero-
geneous entity includes subgroups of patients showing
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mutations in desmin [4,5], oB-crystallin [6], selenopro-
tein N [7], myotilin [8,9], ZASP [10] and filamin C [11]
genes.

A major morphological hallmark of MFM is the intra-
cytoplasmic accumulation of proteins in insoluble aggre-
gates in muscle cells. In addition to disease-specific mutant
proteins (that is, desmin in desminopathies, oB-crystallin
in oB-crystallinopathies, myotilin in myotilinopathies),
protein aggregates in MFM are enriched by a wide range
of proteins, including cytoskeletal and myofibrillar pro-
teins, chaperones, phosphorylated tau and B-amyloid
[2,3,9,12-14].

© 2007 Blackwell Publishing Ltd



The mechanisms leading to protein aggregation in MFM
are poorly understood and, probably, multifactorial. It is
known that misfolding of mutant proteins results in inap-
propriate exposure to their hydrophobic surfaces for
protein—protein interactions, and this promotes aggrega-
tion [15,16]. Furthermore, abnormalities of the ubiquitin
proteasome system (UPS), increased clusterin expression
and aggresome expansion have been previously demon-
strated to be associated with aggregate formation in MFM
[13,14]. MFMs may be considered conformational diseases
because of the accumulation of insoluble proteins in the
affected cells. Several neurodegenerative disorders, includ-
ing Alzheimer disease and other tauopathies (Pick disease),
a-synucleinopathies (Parkinson and Lewy body diseases)
and polyglutamine diseases (Huntington disease), as well
as non-neuronal disorders such as alcoholic liver disease,
inclusion body myositis and o.1-antitrypsin deficiency, are
also characteristic conformational disorders [17,18].

A frequent event in some, but not all these diseases is
‘molecular misreading’, a phenomenon which designates
acquired, non-DNA-encoded dinucleotide deletions occur-
ring within messenger RNA, resulting in the production of
potentially toxic mutant proteins. Molecular misreading of
the ubiquitin-B (UBB) gene results in a dinucleotide dele-
tion in UBB mRNA in the vicinity of GAGAG sequence
motifs. Downstream from the deletion, the mutant RNAs
are translated in the +1 reading frame, giving rise to a
protein with an aberrant C-terminus; the deletion of the G
residue results in loss of biological function of ubiquitin
[19,20]. UBB*! accumulates in neurones with neurofibril-
lary tangles in Alzheimer disease and related tauopathies,
as well as in intranuclear inclusions in Huntington
disease, but not in Lewy bodies in o-synucleinopathies
[18,21,22]. Interestingly, UBB*' occurs in neurones
with neurofibrillary tangles but not in neurones with
a-synuclein inclusions in cases with double tau and
a-synuclein pathology [23].

Furthermore, UBB* has been found in non-neuronal
cells, including hepatocytes with Mallory bodies, and
muscle fibres in inclusion body myositis [24—-26]. It has
been shown that UBB*! is unable to ubiquitinate [27], and
that UBB™ is a ubiquitin-fusion degradation proteasome
substrate [22]. Finally, ubiquitinated UBB*' inhibits the
proteasome [22] possibly through the inability of deubig-
uitinating enzymes to deubiquitinate UBB™ sufficiently
[28].

Sequestosome 1/p62 is a 62-kDa protein encoded by an
immediate-early response gene activated by a variety of

UBB*! and p62 expression in myofibrillar myopathies 77

extracellular signals which is involved in cell proliferation,
differentiation and oxidative stress [29]. At its C-terminus,
p62 possesses an ubiquitin-associated (UBA) domain
that binds polyubiquitin chains, and which may regulate
ubiquitin-mediated processes. p62 binds to proteasomal
subunits through its N-terminal Phox and Bem1p (PB1)
domain [29-31]. p62 binds specifically to protein aggre-
gates or to misfolded and ubiquitinated proteins in several
human diseases, including neuronal and glial ubiquiti-
nated inclusions in Alzheimer disease, Pick disease, Par-
kinson disease, dementia with Lewy bodies and multiple
system atrophy. Furthermore, p62 has been shown to be a
major component of Mallory bodies [31-36].

The present study examines, by means of both single
immunohistochemistry and single and double immuno-
fluorescence and confocal microscopy, UBB™ and p62
immunoreactivity, and their relationship with protein
aggregates in myofibrillar inclusions in myotilinopathies
and desminopathies, in an attempt to gain understanding
of the pathogenesis of protein aggregation in these
disorders.

Patients and methods

Muscle biopsies

Muscle biopsies from 17 patients with light and electron
microscopic features of MFM were included in the present
study. Twelve patients had a mutation in the myotilin
gene, whereas a mutation in the desmin gene was identi-
fied in the remaining five. In addition, muscle samples
from six age-matched patients who were considered to be
free of any neuromuscular disease after detailed clinico-
pathological studies were used as controls. A detailed
description of the clinical, pathological and molecular
studies of 15 cases has been reported elsewhere [9,37,38].
A summary of the patients included in the present study is
provided in Table 1. For the present study, cryostat sec-
tions were stained with haematoxylin and eosin, modified
Gomori trichrome and tioflavine T, and processed for
myotilin, desmin, dystrophin, oB-crystallin and ubiquitin
immunohistochemistry. Briefly, cryostat sections were
incubated with 1% hydrogen peroxide and 10% methanol
for 30 min at room temperature, followed by 5% normal
serum for 2 h, and then incubated overnight with one of
the primary antibodies. Mouse monoclonal antimyotilin
(Novocastra, Newcastle, UK), antidesmin (Dako, Barce-
lona, Spain) and antidystrophin (Novocastra) antibodies,

© 2007 Blackwell Publishing Ltd, Neuropathology and Applied Neurobiology, 34, 76—87
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Table 1. Summary of cases included in the present study

Patient Age (years)/gender Age at onset (years) Site of muscle biopsy Mutation
1 52/M 50 Lateral gastrocnemius MYOT Ser55Phe
2 56/M 52 Soleus MYOT Ser55Phe
3 70/M 58 Vastus lateralis MYOT Ser60Cys
4 69/F 62 Deltoid MYOT Ser60Cys
5 80/M 70 Deltoid MYOT Ser60Phe
6 82/F 70 Vastus lateralis MYOT Ser60Cys
7 73/F 69 Deltoid MYOT Ser55Phe
8 80/F 77 Vastus lateralis MYOT Lys36Glu
9 69/F 46 Deltoid MYOT Ser55Phe

10 68/F 60 Lateral gastrocnemius MYOT Ser60Cys

11 69/F 50 Vastus lateralis MYOT Ser 60Cys

12 65/F 60 Lateral gastrocnemius MYOT Ser60Cys

13 27/F 15 Biceps brachii DES Arg406Trp

14 24/M 14 Deltoid DES Arg406Trp

15 49/F 25 Lateral gastrocnemius DES Pro419Ser

16 46/F 25 Biceps brachii DES Leu392 Pro

17 27/M 25 Lateral gastrocnemius DES 1le367Phe

18 25/F Biceps brachii

19 75/M Deltoid

20 64/M Deltoid

21 65/F Vastus lateralis

22 80/M Vastus lateralis

23 58/F Lateral gastrocnemius

F, female; M, male.

and rabbit polyclonal anti-aB-crystallin (Novocastra) and
ubiquitin (Dako) antibodies, were used at dilutions of
1:150, 1:20, 1:20, 1:500 and 1:100, respectively. After
washing, the sections were processed with the
streptavidin-biotin Super Sensitive™ IHC detection system
(BioGenex, The Hague, The Netherlands). The peroxidase
reaction was visualized with diaminobenzidine and H,0,
in PBS.

UBB*! and p62 immunohistochemistry

UBB*! immunohistochemistry was also carried out follow-
ing the streptavidin-biotin Super Sensitive™ IHC detection
system using three different well-characterized rabbit
polyclonal antibodies raised against different parts of
UBB* [19,20] - Ubi2A, Ubi 1+1 and Ubi 2+1 — all of them
at a dilution of 1:1000. To test the staining specificity,
consecutive sections were incubated with the secondary
anti-mouse or anti-rabbit IgG without the primary anti-
body. In addition, some sections were incubated with pre-
absorbed sera with the homologous antigens [19].

p62 immunoreactivity was examined using two differ-
ent guinea pig polyclonal antibodies (Progen, Heidelberg,
Germany). The antibodies were directed to the C-terminus

or to the N-terminus, and both were used at a dilution of
1:100.

Single- and double-labelling
immunofluorescence analysis, and
confocal microscopy

Cryostat sections were stained with a saturated solution of
Sudan black B (Merck, Darmstadt, Germany) for 30 min
to block autofluorescence of lipofuscin granules, rinsed in
70% ethanol and washed in distilled water. Sections were
incubated at 4°C overnight with goat anti-UBB*! antibody
(Ubi2A) at a dilution of 1:1000 and mouse monoclonal
antimyotilin antibody (Novocastra) at a dilution of 1:200
in PBS. In addition, some samples were incubated with
anti-p62 (C-terminus) diluted 1:100 as the first antibody;,
and antidesmin at a dilution of 1:15, or antimyotilin at a
dilution of 1:150 as the second antibody. Secondary anti-
bodies were Alexa488 anti-mouse or anti-rabbit and
Alexa546 anti-mouse or anti-rabbit (all from Molecular
Probes, Leyden, The Netherlands), used at a dilution of
1:400. After washing with PBS, the sections were incu-
bated in a cocktail of secondary antibodies in the same
vehicle solution for 3 h at room temperature. After
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washing in PBS, the sections were mounted in immuno-
Fluore Mounting medium (ICN Biomedicals, Illkirch,
France), sealed and dried overnight. Sections were exam-
ined under a Leica TCS-SL confocal microscope (Barce-
lona, Spain). Sections incubated with the secondary
antibodies only were used as controls. In addition, some
sections were incubated with pre-absorbed sera with the
homologous antigens [19].

Results
General aspects
Myotilinopathies Muscle biopsies in myotilinopathy were

characterized by the presence of anywhere from a few to a
large number of hyaline polymorphic inclusions of

=
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varying shape and size. These inclusions stained bright
pink with haematoxylin and eosin, and blue-red or red-
purple with the modified trichrome Gomori stain. Cyto-
plasmic bodies and collections of dense spheroid bodies
were observed in the majority of cases. Large numbers
of rimmed and unrimmed vacuoles were found in every
case. Hyaline inclusions and, particularly, spheroid bodies
showed strong Thioflavin T positivity. Immunohis-
tochemical studies showed strong myotilin, desmin, dys-
trophin and ubiquitin expression in the abnormal fibres in
every case (Figure 1A-F).

Desminopathies  Muscle biopsies in patients with desmin-
opathy showed the presence of non-hyaline inclusions,
which were best identified with modified Gomori
trichrome as patches of blue-red or dark-blue material,
located under the sarcolemma or in the cytoplasm.

Figure 1. Muscle pathology in myotilinopathy showing several muscle fibres containing inclusions on haematoxylin and eosin (A), modified
Gomori stains (B) displaying strong myotilin (C), dystrophin (D) immunoreactivity and Thioflavin T positivity (E,F). A—C x200; E and F x400.
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Figure 2. Muscle pathology in desminopathy showing two muscle fibres containing myofibrillar inclusions on haematoxylin and eosin (A)
and modified Gomori stain (B). These inclusions are desmin (C) and oB-crystallin (D) immunoreactive x400.

Hyaline inclusions were only observed in a very small per-
centage (1-3%) of fibres. Cytoplasmic bodies were occa-
sionally seen. Some rimmed vacuoles were observed in
every case. No Thioflavin T-positive material was observed.
Immunohistochemistry revealed strong desmin, oB-
crystallin and dystrophin immunoreactivity in abnormal
fibres, whereas myotilin and ubiquitin were weakly
expressed (Figure 2A-D).

UBB*! and p62 immunohistochemistry

Controls UBB"' immunoreactivity was not observed in
muscle fibres in control samples. Similarly, no p62 immu-
noreactivity was seen in any of the muscle biopsies from
control cases.

Myotilinopathies  Strong UBB*!' immunoreactivity was
observed in all the abnormal fibres in every case, although
the number and size of UBB*! aggregates varied from one
case to another. Yet, all the hyaline lesions and, particu-
larly, the spheroid bodies, displayed strong UBB*! immu-
noreactivity (Figure 3C, upper panel). UBB™ seemed to
colocalize with myotilin in abnormal muscle fibres as
suggested in serial consecutive sections.

p62 (C-terminal and N-terminal) immunoreactivity
decorating the myofibrillar inclusions was observed in
every case. All muscle fibres containing myotilin aggre-
gates displayed p62 immunoreactivity (Figure 3A,B,
upper panel), which, in turn, colocalized with myotilin as
seen in serial consecutive sections. Similar patterns were
seen with the two anti-p62 antibodies. Finally, UBB*
immunoreactivity decorated the same lesions as those
recognized with anti-p62 antibodies (Figure 3A—C, upper
panel).

Desminopathies  Faint to moderate UBB*! immunoreac-
tivity was observed in muscle fibres containing desmin
aggregates in desminopathies (Figure 3F, lower panel).
The number of fibres containing UBB*, as well as the
intensity of the immunoreaction, varied from one case to
another, although UBB*™! immunoreactivity was particu-
larly strong in the few fibres (1-3%) which contained
small inclusion bodies.

p62 (C-terminal and N-terminal) immunoreactivity
was also observed in muscle fibres containing myofibrillar
inclusions (Figure 3D,E). p62 largely colocalized with
desmin, as seen in serial consecutive sections immun-
ostained with desmin and p62.
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Figure 3. p62 and UBB*! immunoreactivity in myotilinopathies and desminopathies. Upper panel: myofibrillar inclusions in myotilinopathy
located in the centre of one large fibre (thin arrow in A), and in several atrophic fibres (thick arrows in A) showing strong p62 C-terminal
(A), p62 N-terminal (B) and UBB*! immunoreactivity (C). Lower panel: p62 C-terminal (D) and p62 N-terminal (E) immunoreactivity is seen
in the centre of one fibre (thin arrow in D), or in the subsarcolemma area (thick arrow in D) in desminopathy. Non-serial section showing

UBB*! immunoreactivity in the centre of two fibres (arrows) (F) x400.

Double-labelling immunofluorescence analysis
and confocal microscopy

Myotilinopathies UBB*' deposition in myotilinopathies
was observed as multiple positive irregular aggregates or
as numerous small confluent rod-like structures in abnor-
mal muscle fibres (Figure 4A,D). Spheroid bodies were
strongly immunostained with the anti-UBB*! antibodies at
their periphery, whereas a lack of immunoreaction was
observed in the central parts (Figure 5A). Complete or
partial colocalization of UBB*' and myotilin was observed
in selected fibres, as revealed in double-labelled sections
stained for UBB*! and myotilin (Figures 4C,F and 5C).

Double-labelling immunofluorescence to p62 and myo-
tilin revealed colocalization in all abnormal fibres exam-
ined (Figure 6A-T).

Desminopathies  UBB* deposition largely colocalized with
desmin and myotilin as revealed in serial sections immu-
nostained with UBB*. As for myotilinopathies, cytoplas-

mic bodies, which were observed in a few fibres in
desminopathies, displayed strong UBB*' immunoreactiv-
ity (Figure 5D-F).

Strong p62 C-terminal deposition was observed as
immunofluorescent patches located under the sarco-
lemma or in the cytoplasmic space. p62 largely colocalized
with desmin (Figure 7A—C).

Discussion

Myotilinopathies and desminopathies are subgroups of
MFM caused by mutations in the myotilin and desmin
genes, respectively. Myotilinopathy usually presents as a
late-onset distal myopathy and has a relatively mild pro-
gression [8,9]. By contrast, desminopathy is a much
more disabling condition most often presenting in ado-
lescents or in young adults with distal muscle weakness
associated with a cardiopathy in a high proportion of
cases [37-39]. Although myofibrillar inclusions contain-
ing protein aggregates are constantly found in both
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Figure 4. Double-labelling immunofluorescence to UBB*! (2A antibody) (green, A and D) and myotilin (red, B and E) in abnormal muscle
fibres in myotilinopathy. Note colocalization of UBB*! and myotilin (merge yellow, C and F). One section of the same case stained only with

the secondary antibodies is used as a negative control.

disorders, some differences exist regarding the type of
inclusions. While the inclusions found in myotilinopa-
thies typically contain dense hyaline structures, muscle
fibres in desminopathies most often show the presence of
cytoplasmic or subsarcolemmal patches of non-hyaline
structures. Moreover, inclusion bodies are commonly
found in myotilinopathies but rarely seen in desminopa-
thies [8,9,37-39].

Cells tend to avoid accumulation of misfolded or
potentially toxic proteins by degrading them through the
UPS [40]. In this line, previous studies in MFM and inclu-
sion body myositis have shown abnormal expression of
several proteasome subunits accompanied by preserved
or even increased proteolytic activity in vitro [13]. More-
over, studies in heart muscle from a transgenic mouse

of desminopathy have demonstrated over-
expression of the 208 subunit and down-regulation of
the 19S subunit of the proteasome together with
increased proteolytic activity [41]. Together, these obser-
vations strongly suggest that abnormalities of the UPS in
MFM are not the result of defective proteolytic activity

model

per se, but rather they probably respond to a failure in the
entry of ubiquitinated proteins into the 208 proteasome.
UBB" is an aberrant form of ubiquitin generated by a
dinucleotide deletion at the level of the UBB mRNA. This
mutant protein has a truncated C-terminal end and lacks
the capacity to ubiquitinate other protein substrates
[19,22]. The accumulation of UBB*' is considered a
specific marker of proteasomal dysfunction in certain
neurodegenerative disorders, such as Alzheimer disease,
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Figure 5. Double-labelling immunofluorescence to UBB*! (2A antibody) (green, A and D) and myotilin (red, B and E) in abnormal muscle
fibres containing inclusion bodies in myotilinopathy (A—C) and in desminopathy (D-F). Spheroid bodies are immunostained at their
periphery (arrow in A). Note colocalization of UBB*! and myotilin (merge yellow, C and F). One section of the same case stained only with

the secondary antibodies is used as a negative control.

Down syndrome and other tauopathies [20]. In the
present study, strong UBB*' immunoreactivity was found
colocalizing with protein aggregates in muscle fibres in
myotilinopathies and desminopathies. These findings
may explain, at least in part, the accumulation of abnor-
mal proteins in these disorders.

p62 is a multimeric signal protein, which, besides
playing a role in signal transduction, participates actively
in the formation of protein aggregates by recruiting poly-
ubiquitinated proteins through its UBA domain [29-31].
Studies of neurofibrillary tangles and Lewy bodies in
human cases, and of Mallory bodies in a mouse model of
toxic hepatic failure, indicate that p62 is incorporated at

the early stages of their formation, thus suggesting that
p62 plays a major role in the process of aggregate forma-
tion [33-36]. Furthermore, p62 has been found to be
induced in response to proteasomal inhibition in neuronal
cells [42].

It has been proposed that p62 expression may contri-
bute to a protective mechanism against misfolded proteins
by promoting aggregation and sequestration of abnormal
proteins as inert but reversible inclusions bodies [31,36].
In the present study, strong p62 colocalizing myotilin was
observed in myofibrillar inclusions in myotilinopathies.
p62 was also found in muscle fibres containing desmin
inclusions in desminopathies.
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Figure 6. Double-labelling immunofluorescence to myotilin (green, A, D and G) and p62 C-terminal (blue, B, E and H) in muscle fibres
containing protein aggregates in myotilinopathy. Note colocalization of myotilin and p62 (merge C, F and I). One section of the same case

stained only with the secondary antibodies is used as a negative control.

However, the intensity of p62 immunoreaction was
stronger in myotilinopathies, which may be related to the
different degree of compactation of myofibrillary inclu-
sions in both disorders, as well as with the less common
formation of inclusion bodies in desminopathies.

In summary, we have identified UBB*! and p62 as novel
constituents of protein aggregates in myotilinopathies

and desminopathies. The presence of UBB*™ in muscle
fibres supports the hypothesis that dysfunction of the UPS
participates in the pathogenesis of MFM. In contrast, the
presence of p62 in myofibrillar inclusions in myotilinopa-
thies and in desminopathies may reflect a protective
response against cytoplasmic accumulation of noxious
proteins.
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Figure 7. Double-labelling immunofluorescence to desmin (green, A) and p62 C-terminal (blue, B) in a muscle fibre containing protein
aggregates in desminopathy. Note colocalization of myotilin and p62 (merge C). One section of the same case stained only with the
secondary antibodies is used as a negative control.
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Abstract

Protein aggregate myopathies, including myofibrillar myopathies
and sporadic inclusion body myositis (sIBM), are characterized by
abnormal protein aggregates composed of various muscular and
ectopic proteins. Previous studies have shown the crucial role of dys-
regulated transcription factors such as neuron-restrictive silencer fac-
tor in the expression of aberrant proteins in myotilinopathies. Here,
we assessed possible aberrant expression of TAR DNA-binding pro-
tein 43 (TDP-43), another factor involved in transcription regulation.
TDP-43-immunoreactive intracytoplasmic inclusions were seen in
all cases examined of myotilinopathy, desminopathy, and sIBM, and
in 1 case of inclusion body myositis with Paget disease of bone and
frontotemporal degeneration (IBMPFD). TAR DNA-binding protein
43 colocalized with myotilin and valosin in myotilinopathies and
IBMPFD, respectively, but only occasionally colocalized with ubi-
quitin in myotilinopathies, desminopathies, sIBM, and IBMPFD;
this indicates that accumulated TDP-43 is largely not ubiquitinated.
Moreover, phosphorylated TDP-43 at Ser403/404 and Ser409/410
accumulated in the cytoplasm of vulnerable fibers but did not always
colocalize with nonphosphorylated TDP-43. Cytoplasmic deposition
was accompanied by decreased TDP-43 localization in the nuclei of
affected fibers. These findings indicate that TDP-43 not only is
another protein accumulated in myofibrillar myopathies, sIBM, and
IBMPFD but also likely has a role through altered microRNA pro-
cessing in the abnormal protein production, modification, and ac-
cumulation in protein aggregate myopathies.

Key Words: Desminopathy, Inclusion body myositis with Paget
disease of bone and frontotemporal dementia, Myotilinopathy, Spo-
radic inclusion body myositis, TDP-43, Valosin.
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INTRODUCTION

Intracellular accumulation of proteins is characteristic
of several diverse human disorders. Protein aggregation
has been recognized for a long time as a major morphologic
hallmark of many neurodegenerative disorders (1-4) and is
now also considered an important pathogenetic factor in
a growing group of muscle disorders collectively termed
“protein aggregate myopathies” (PAM) (5, 6). Myofibrillar
myopathies (MFMs), the largest group of PAMs, are a group
of heterogeneous muscle disorders having as a common
feature the presence of focal dissolution of the myofibrils and
ectopic expression of multiple proteins (7-10). Among
MFMs, myotilinopathies and desminopathies are 2 genet-
ically distinct subgroups caused by mutations in MYOT and
DES genes, respectively (12-14). Protein aggregates in
MFMs are composed of a wide variety of proteins (7-10).
Some of them, such as desmin, myotilin, and dystrophin, are
normal constituents of the myofibrils, but many proteins not
specific to muscle are aberrantly expressed in muscle fibers as
well. These include phosphorylated tau, ubiquitin, B-amyloid,
and diverse neuronal proteins such as synaptophysin,
SNAP25, a-internexin, and ubiquitin carboxy-terminal
hydrolase L1 (7-10, 15). Sporadic inclusion body myositis
(sIBM) represents the nongenetic counterpart of protein
aggregate myopathies, and it is characterized by the pres-
ence of ubiquitinated inclusion bodies containing B-amyloid,
a-synuclein, apolipoprotein E, and phosphorylated tau among
others (16, 17).

Recent studies have shown the crucial role of certain
transcription factors in the pathogenesis of MFMs. Target
genes of neuron-restrictive silencer factor are abnormally up-
regulated in human myotilinopathy due to the reduced levels
of neuron-restrictive silencer factor, a transcription factor ex-
pressed in nonneuronal tissues that represses the expression
of several neuronal genes. As a consequence, synaptophysin,
SNAP2S5, a-internexin, and ubiquitin carboxy-terminal hy-
drolase L1 are aberrantly produced and accumulated in pro-
tein aggregates in myotilinopathies (15).

Another potentially interesting transcription factor in
the pathogenesis of PAMs and of MFMs in particular is TAR
DNA-binding protein 43 (TDP-43), a 414-amino acid nuclear
protein encoded by the TARDBP gene on chromosome 1. The
gene was first cloned from a genomic screen for cellular fac-
tors that bind to the TAR DNA of human immunodeficiency
virus type 1, and it was later identified as part of a complex
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involved in the splicing of the cystic fibrosis transmembrane
regulator gene (18-20). TAR DNA-binding protein 43 is
highly conserved and widely expressed in several tissues,
including brain and muscle. It contains 2 RNA recognition
motifs and a glycine-rich C-terminal sequence that is required
for exon skipping and splicing inhibitory activity. The C-
terminal domain binds to several ribonucleoproteins involved
in the biogenesis of mRNA. Although the biologic functions
of TDP-43 are not fully known, it has a role in exon skipping,
transcription regulation, and other biologic processes through
its binding to DNA, RNA, and/or proteins (18-21).

Recent studies have identified TDP-43 as the major pro-
tein forming insoluble aggregates in neurons and glial cells in
most patients with frontotemporal lobar degeneration with
ubiquitin inclusions (FTLD-U) with and without motor neu-
ron disease, as well as in sporadic and familial amyotrophic
lateral sclerosis (ALS) not caused by mutations in SODI
gene (22-25). Among the heterogeneous group of FTLD-U,
up to 40% of cases show a familial pattern of inheritance
and mutations in progranulin, and valosin-containing protein
(VCP) have been recently described (26-29).

Mutations in the V'CP gene, on chromosome 9p13.3-
pl2, cause hereditary inclusion body myopathy associated
with Paget disease of bone and frontotemporal dementia
(IBMPFD), a rare autosomal dominant disorder with a high
variable expressivity of clinical symptoms (28-32). Ubiquitin-
positive inclusions in brains in IBMPFD contain TDP-43 (32).
TAR DNA-binding protein 43 accumulation has also been
described in muscle fibers in IBMPFD (33). Abnormal TDP-
43 in muscle fibers in IBMPFD seems not to be related to
VCP mutations because TDP-43—immunoreactive cytoplasmic
inclusions also occur in sIBM (33).

The aim of the present study was to analyze the ex-
pression of TDP-43 in muscle disorders characterized by the
presence of protein aggregates in muscle cells. Muscle biop-
sies from patients who have myotilinopathy, desminopathy,
sIBM, and IBMPFD, as well as samples from patients who
have denervation atrophy showing target lesions, were ex-
amined with single and double labeling immunofluorescence
and confocal microscopy and Western blotting to demon-
strate possible modifications in the localization, distribution,
and expression levels of TDP-43 in muscle cells. TAR DNA-
binding protein 43, desmin, and myotilin gene expression
was performed to investigate whether increased protein levels
result from upregulation of the respective genes.

MATERIALS AND METHODS

Patients and Muscle Biopsies

Muscle biopsies from 9 patients with MFM (5 myo-
tilinopathies and 4 desminopathies), 5 patients with sIBM,
and 1 patient with IBMPFD were studied. Muscle samples
from 5 cases of denervation atrophy that showed target lesions
and 5 age-matched healthy controls were processed in parallel.
Table 1 summarizes the clinical characteristics of the patients.
The patients with myotilinopathy were 3 men and 2 women
aged 49 to 81 years (mean, 65.8 years); they had the follow-
ing MYOT mutations: Ser55Phe, Ser60Cys, Ser60Phe, and
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TABLE 1. Summary of Cases

Patient Age (years)/Sex Diagnosis
1 52/M Myotilinopathy (Ser60Cys)
2 49/M Myotilinopathy (ser55Phe)
3 78/M Myotilinopathy (Ser60Phe)
4 81/F Myotilinopathy (Lys36Glu)
5 69/F Myotilinopathy (Ser60Cys)
6 41/F Desminopathy (Pro419Ser)
7 55/F Desminopathy (Leu 392Pro)
8 28/M Desminopathy (Ile367Phe)
9 22/M Desminopathy (Arg406Trp)

10 61/M IBM

11 61/F IBM

12 62/M IBM

13 66/M IBM

14 58/F IBM

15 57/M IBMPFD (Argl59His)

16 76/M Denervation atrophy

17 32/F Denervation atrophy

18 56/M Denervation atrophy

19 65/M Denervation atrophy

20 67/F Denervation atrophy

21 57/M Control

22 63/M Control

23 43/F Control

24 30/M Control

25 70/M Control

F, female; IBM, inclusion body myositis; IBMPFD, inclusion body myositis with
Paget disease of bone and frontotemporal degeneration; M, male.

Lys36Glu. There were 2 female and 2 male desminopathy
patients aged 22 to 55 years (mean, 36.5 years) with the
following DES mutations: Pro419Ser, Leu392Pro, 11e367Phe,
and Arg406Trp. Detailed clinical, pathologic, and genetic
characterization of most of these patients has been described
elsewhere (12, 34). There were 3 male and 2 female patients
with sIBM aged 58 to 66 years (mean, 61.5 years). The di-
agnosis was established on the basis of well-established
clinical and histopathologic criteria (17). The patient with
IBMPFD was a 57-year-old man with proximal and distal
muscle weakness in 4 limbs and scapular winging from the
age of 49 years. He had no clinical, laboratory, or radiologic
evidence of Paget disease of bone and had no cognitive
symptoms. Sequencing analysis of VCP gene identified a
R159H mutation. The patient’s father had progressive mus-
cle weakness starting at approximately 60 years and had died
S years later of a heart attack. No other members of the
family were known to be affected by muscle weakness, de-
mentia, or Paget disease of bone.

In all cases, muscle biopsies were obtained for diag-
nostic purposes after informed consent and according to the
guidelines of the Ethics Committee of the Hospital Universi-
tari de Bellvitge. All samples had previously been examined
by routine histochemical and electron microscopy techniques
and by immunocytochemical analysis. Fresh frozen and
mounted frozen samples were kept at -80°C until used.
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Unfixed cryostat sections 6 pm thick were stained with
hematoxylin and eosin and modified trichrome stain and
processed for immunohistochemistry with the streptavidin-
biotin Super Sensitive TM IHC detection system (BioGenex,
San Ramon, CA), as previously described (35). Antibodies to
myotilin (Novocastra, Servicios Hospitalarios, Barcelona,
Spain), desmin (Dako, Barcelona, Spain), ubiquitin (Dako),
and valosin (Affinity Bioreagents, Bionova Cientifica,
Madrid, Spain) were used at dilutions of 1:100, 1:20, 1:100,
and 1:1000, respectively (Table 2).

TDP-43 Immunofluorescence

TAR DNA-binding protein 43 was examined using 2
different antibodies: a mouse monoclonal antibody (Abnova,
Tebu-Bio, Barcelona, Spain; H00023435-MO01) raised against
a full-length recombinant human TARDBP, used at a dilution
of 1:1000, and a rabbit polyclonal antibody (Abcam, Cam-
bridge, UK; ab54502) raised against a synthetic peptide
corresponding to C terminal (aa 350-414) of human
TARDBP, used at a dilution of 1:2000. Phospho—-TDP-43
was studied using 2 different antibodies: a mouse monoclonal
antibody directed to CMDSKS(p)S(p)GWGM,S(p), Ser409/
410, used at a dilution of 1:5000, and a rabbit polyclonal
antibody raised against NGGFGS(p)S(p)MDSKC,S(p),
Se403/404, used at a dilution of 1:2500 (both from Cosmo
Bio, Ltd., Koto-ku, Japan) (Table 2). The secondary anti-
bodies Alexa 488 and Alexa 455 (Molecular Probes,
Invitrogen, Madrid, Spain) were used at a dilution of 1:400.
Sections were mounted with Fluorescent Mounting Medium
(DakoCytomation, Barcelona, Spain), sealed, and dried
overnight at 4°C.

Double Labeling Immunofluorescence and
Confocal Microscopy

Cryostat sections 8 wm thick were blocked for
30 minutes at room temperature with 10% fetal bovine serum
diluted in 1 x PBS to avoid nonspecific binding. Sections were
incubated overnight at 4°C with different combinations of 2
primary antibodies as follows: 1) mouse monoclonal anti-
myotilin antibody or mouse monoclonal anti-desmin antibody
was used as the first primary antibody and rabbit polyclonal
anti-TDP-43 antibody as a second primary antibody; 2) rabbit
polyclonal anti-ubiquitin antibody and mouse monoclonal
anti-TDP-43 antibody. In samples of sSIBM and IBMPFD, the
following combinations were made: 1) mouse monoclonal

anti-TDP-43 antibody and goat polyclonal anti-valosin anti-
body; 2) mouse monoclonal anti-TDP-43 antibody and rabbit
polyclonal anti-ubiquitin antibody; 3) rabbit polyclonal anti-
ubiquitin antibody and mouse monoclonal anti-TDP-43 anti-
body. After washing with PBS, the sections were incubated in a
cocktail of secondary antibodies in the same vehicle solution for
3 hours at room temperature. The secondary antibodies were
Alexa 488 and Alexa 546 anti-mouse or anti-rabbit (Molecular
Probes) at a dilution of 1:400. Double labeling immunofluor-
escence was also performed using anti-TDP-43 (Abnova and
Abcam) and anti—-phospho—TDP-43 (Cosmo Bio) antibodies
using a parallel combination of rabbit polyclonal and mouse
monoclonal antibodies and vice versa. Subsequently, the nuclei
were stained using To-pro-3-iodide (Molecular Probes) at a
dilution of 1:1000 for 20 minutes at room temperature. Sections
were mounted with Fluorescent Mounting Medium (DakoCy-
tomation), sealed, and dried overnight at 4°C. Sections were
examined with a Leica TCS-SL confocal microscope. To rule
out nonspecific reactions, some sections were incubated only
with the secondary antibodies.

Gel Electrophoresis and Western Blotting
Samples from MFM, sIBM, IBMPFD, and control
patients were processed for Western blot analysis using 10%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis.
Briefly, extracted muscle proteins were transferred to nitro-
cellulose membrane in a Semi-Dry Transfer System (Bio-Rad,
Madrid, Spain). The corresponding membranes were blocked
and incubated with the mouse monoclonal anti-TDP-43
antibody (Abnova) at a dilution of 1:1000. Subsequently, the
membranes were washed and then incubated with the
corresponding secondary antibody labeled with horseradish
peroxidase (Dako). The protein bands were detected by
enhanced chemiluminescence method (Amersham Bioscien-
ces, Little Chalfont, UK). The myosin band of 205 kDa stained
with Coomassie Brilliant Blue R (Sigma, Madrid, Spain) in the
posttransfer gel was used as control of protein loading.
Densitometric quantification of Western blot bands was
performed with Total Lab v2.01 software, and the data
obtained were analyzed using Statgraphics Plus v5.1 software.
Statistical analysis was performed with the Student #-test.

mRNA Isolation and ¢cDNA Synthesis

Total RNA was purified from frozen muscle biopsies
using the RNeasy Fibrous Tissue Mini kit (Qiagen, Las

TABLE 2. Antibodies Used in the Present Study

Antigen Antibody Species Source Dilution (IH;IF) Dilution (WB)
Myotilin Monoclonal Mouse Novocastra 1:100 —
Desmin Monoclonal Mouse Dako 1:15 —
TDP-43 C terminal Polyclonal Rabbit Abcam (ab54502) 1/2000 —
TDP-43 Monoclonal Mouse Abnova, (H00023435-M01) 1/1000 1/1000
Phospho-TDP-43 (ps409/410) Monoclonal Mouse Cosmo Bio 1/5000 —
Phospho-TDP-43 (ps403/404) Polyclonal Rabbit Cosmo Bio 1/2500 —
Valosin Monoclonal Mouse Affinity Bioreagents MA3-004 1/1000 —
Ubiquitin Polyclonal Rabbit Dako Z-458 1/100 —

IF, immunofluorescence; IH, immunohistochemistry; TDP-43, TAR DNA-binding protein 43; WB, Western blotting.
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Matas, Madrid, Spain) following the instructions of the
supplier. RNA integrity was assessed by using an Agilent
Bioanalyzer 2100 (Agilent, Las Rozas, Spain). Then, total
RNA of each sample was reverse-transcribed to a single-
stranded ¢cDNA using a High-Capacity ¢cDNA Reverse
Transcription Kit (Applied Biosystems, Madrid, Spain).
Parallel reactions lacking MultiScribe Reverse Transcriptase
were run as negative controls.

TagMan MGB Probes and Endogenous Controls

TagMan Gene Expression Assays (Applied Biosys-
tems) using specific primers and probes designed to detect
TDP-43 (Hs00606522 ml) were performed. TAR DNA-
binding protein 43 probe was located between the exon 3
and 4 boundary of the NM_007375.3 transcript and pro-

duced an amplicon of 130 bp. Two TagMan endogenous
controls were used to normalize TDP-43 expression levels:
human B-glucuronidase (GUS; 4333767) and human B-2-
microglobulin (B2M; 4333766).

TagMan Real-Time Polymerase Chain Reaction
TagMan polymerase chain reaction (PCR) assays for
TDP-43 (and desmin and myotilin in MFMs) were performed in
duplicate on cDNA samples in a MicroAmp Optical 384-Well
Reaction Plate sealed with MicroAmp Optical Adhesive Film
(Applied Biosystems). Each 20-p1 PCR reaction was prepared
with 9 ul of cDNA (diluted 1/10 in MFMs and 1/5 in IBMs,
which corresponded to approximately 20 ng of input RNA in
both cases) mixed with 1 wl of 20x TagMan Gene Expression
Assay Mix and 10 pl of 2x TagMan Universal PCR Master

FIGURE 1. TAR DNA-binding protein 43 (TDP-43) immunofluorescence using the rabbit polyclonal antibody against the C-
terminus of TDP-43 (A, C, E) and the mouse monoclonal antibody recognizing full-length recombinant human TDP-43 (B, D, F)
in normal muscle (A, B), myotilinopathy (C), desminopathy (D), sporadic inclusion body myositis (sIBM) (E), and inclusion body
myositis with Paget disease of bone and frontotemporal degeneration (IBMPFD) (F). TAR DNA-binding protein 43 in normal
muscle is restricted to the nuclei, whereas intracytoplasmic accumulation of TDP-43 is seen in myotilinopathy, sIBM, and IBMPFD,
and in desminopathy to a lesser degree. Original magnification: (A) 100x; (B, D-F) 200x; (C) 400x.

© 2009 American Association of Neuropathologists, Inc.
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Mix (Applied Biosystems), as indicated by the manufacturer.
Parallel reactions of all samples were performed in duplicate
using GUS and 2BM endogenous control assays for data
normalization. Standard curves for each probe used in the
study were obtained with serial dilutions of a muscle con-
trol sample. The thermal cycler parameters were set up for
2 minutes at 50°C (UNG activation), then 10 minutes at
95°C (enzyme activation), followed by 40 cycles at 95°C for
15 seconds (denaturation) and 1 minute at 60°C (annealing/
extension). The fluorescent PCR product was measured with
an ABI PRISM 7900HT Fast Sequence Detection System
(Applied Biosystems), and the emerging data were captured
with the Sequence Detector Software (SDS, 1.9; Applied
Biosystems).

Data Processing and Statistical Analysis

ACt values for each sample were promediated, and
their equivalent amount of RNA were interpolated from the
standards curves. These values were normalized, and
acquired data were analyzed using Statgraphics Plus v5.1

A

software. Differences among control and pathologic samples
were analyzed with ANOVA, followed by LSD post-hoc test.

RESULTS

TDP-43 Immunostaining in Normal and
Diseased Muscle

In control muscles, TDP-43 immunofluorescence was
restricted to the nuclei of muscle cells; cytoplasmic immu-
nostaining was absent. Similar results were observed using
the 2 different anti-TDP-43 antibodies (Fig. 1A, B).

In contrast, marked TDP-43 accumulation in the form of
single, multiple, or diffuse deposits was seen in the cytoplasm of
several muscle fibers in myotilinopathy (Fig. 1C). Muscle
fibers from desminopathy cases also showed TDP-43—positive
inclusions in the cytoplasm. TAR DNA-binding protein 43
accumulation in desminopathies was, however, usually less
prominent than in myotilinopathies (Fig. 1D). TAR DNA-
binding protein 43 immunostaining was also observed in the
cytoplasm of several muscle fibers in all sIBM cases (Fig. 1E)

FIGURE 2. Double labeling immunofluorescence and confocal microscopy to myotilin (green, A) and TAR DNA-binding
protein 43 (TDP-43; red, B); and ubiquitin (green, D) and TDP-43 (red, E) in myotilinopathy. Partial colocalization of
myotilin and TDP-43 (merge, yellow, C€) is seen in some inclusions. Ubiquitin and TDP-43 colocalization is much less
common (merge, yellow, F). One section of the same case stained only with the secondary antibodies is used as a negative
control (G-1). Nuclei are visualized with To-pro-3-iodide (blue). Note decreased or absent TDP-43 immunoreactivity in the

nuclei of fibers containing abnormal TDP-43 aggregates.
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FIGURE 3. Double labeling immunofluorescence and confocal microscopy to ubiquitin (green, A, D) and TAR DNA-binding
protein 43 (TDP-43; red, B, E) in myotilinopathy. Partial colocalization of ubiquitin and TDP-43 (merge, yellow, €) occurs in some
fibers. Some round inclusions (small green dot in A) are not stained with TDP-43 antibodies (see B for comparison), whereas
some TDP-43 granular cytoplasmic deposits (E) are barely stained with anti-ubiquitin antibodies (D), resulting in very little
colocalization (merge, yellow F). One section of the same case stained only with the secondary antibodies is used as a negative
control (G-I). Nuclei are visualized with To-pro-3-iodide (blue). Note decreased or absent TDP-43 immunoreactivity in the nuclei

of fibers containing abnormal TDP-43 aggregates.

and in the biopsy of the patient who had IBMPFD (Fig. 1F).
TAR DNA-binding protein 43—positive deposits occurred as
single or several rounded well-defined intracytoplasmic inclu-
sion bodies or as small multiple granular intracytoplasmic
aggregates. Both types of inclusions occurred equally in sSIBM
and IBMPFD. Nuclear TDP-43 immunostaining was also
reduced in damaged fibers in sIBM and IBMPFD.

No TDP-43 staining was seen in target lesions in
samples from cases with denervation-reinnervation (data not
shown). As in control cases, TDP-43 immunostaining in
denervated fibers was restricted to the nuclei.

Double Labeling Immunofluorescence and
Confocal Microscopy

Double labeling immunofluorescence in myotilinopa-
thies showed that TDP-43 largely colocalized with myotilin
(Fig. 2A—C), but TDP-43 colocalized less frequently with
ubiquitin (Fig. 2D-F); only a few abnormal fibers were
immunostained equally with anti-ubiquitin and anti-TDP-43
antibodies. Similarly, TDP-43 did not colocalize with desmin

© 2009 American Association of Neuropathologists, Inc.

or with ubiquitin in most desminopathy cases (data not
shown).

In sIBM samples, TDP-43 immunofluorescence col-
ocalized with ubiquitin in many, but not all, round in-
tracytoplasmic inclusions (Fig. 3A-C), but much more
rarely in TDP-43—immunoreactive small granular aggregates
(Fig. 3D-F). TAR DNA-binding protein 43 largely colocal-
ized with valosin in cytoplasmic inclusion bodies in IBMPFD
(Fig. 4A—C) but not in small aggregates (Fig. 4D-F).

TAR DNA-binding protein 43 immunoreactivity was
decreased or absent in the nuclei of fibers containing abnormal
TDP-43—immunoreactive aggregates, as revealed by TDP-43
and To-pro-3-iodide staining (Figs. 2—4).

Phosphorylated TDP-43

In control muscle fibers, antibodies against phospho—
TDP-43 were negative in both cytoplasm and nuclei. In
contrast, antibodies to phospho—TDP-43 showed deposition in
the cytoplasm of vulnerable fibers in myotilinopathy, desmin-
opathy, sIBM, and IBMPFD. Similar deposits were observed
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FIGURE 4. Double labeling immunofluorescence and confocal microscopy to TAR DNA-binding protein 43 (TDP-43; green, A)
and valosin (red, B) show colocalization in inclusion cytoplasmic bodies in inclusion body myositis with Paget disease of bone and
frontotemporal degeneration (IBMPFD; merge yellow, €). However, ubiquitin (green, D) only occasionally colocalizes with TDP-
43 (red, E) in small granular inclusions (yellow merge, F). One section of the same case stained only with the secondary
antibodies is used as a negative control (G-I). Nuclei are visualized with To-pro-3-iodide (blue). Note the absence of TDP-43
immunoreactivity in the nuclei of fibers containing abnormal TDP-43 aggregates.

using the monoclonal and the polyclonal antibodies. The
amount of aberrant deposition varied among cases (data
not shown). To characterize phospho—TDP-43 deposition
further, double labeling immunofluorescence and confocal mi-
croscopy disclosed partial colocalization of phospho—TDP-43
and TDP-43 in myotilinopathy and desminopathy (Fig. 5).
Not all TDP-43—positive deposits were stained with anti-
phospho—TDP-43 antibodies, and not all phospho—TDP-
43—positive inclusions were recognized by anti-TDP-43
antibodies.

Similarly, double labeling immunofluorescence in sSIBM
(Fig. 6A—C) and IBMPFD (Fig. 6D-I) showed partial colo-
calization of phospho—TDP-43 and TDP-43 in abnormal pro-
tein inclusions. This was particularly clear in fibers with diffuse
precipitates (Fig. 6G-I), whereas dense inclusions in IBMPFD
were stained with anti-TDP-43 and phospho-TDP-43 anti-
bodies equally (Fig. 6D-F).

Western Blotting
Western blots for TDP-43 revealed a band of approx-
imately 43 kDa in myotilinopathies, desminopathies, sIBM,
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and control cases. The density of this band was significantly
higher in myotilinopathies, desminopathies, and sSIBM than in
control samples (p < 0.01; Student #-test; Fig. 7A). Addi-
tional bands of lower molecular weight were observed in
both pathologic and control cases (data not shown).

TDP-43 mRNA Expression Levels

GUS and B2M were appropriate endogenous controls
to be used for normalization (averaged ACt value less than
+ 0.5). No differences in TDP-43 mRNA expression levels
were found in MFM and sIBM when compared with controls
(Fig. 7B).

DISCUSSION

This study demonstrates prominent cytoplasmic accu-
mulation of TDP-43 in damaged muscle fibers in myotilin-
opathy. TAR DNA-binding protein 43 colocalizes with
myotilin and ubiquitin in some fibers but not in others; some
fibers contain myotilin aggregates without accompanying
TDP-43. Similarly, not all ubiquitinated inclusions colocal-
ized with TDP-43, and, conversely, TDP-43 aggregates were
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found in some fibers with no ubiquitin deposition. Similar
results were obtained in desminopathy, although cytoplasmic
TDP-43—immunoreactive deposition was less prominent in
desminopathy than in myotilinopathy. In contrast to normal
fibers in which TDP-43 immunoreactivity localized in nuclei,
reduced or absent TDP-43 immunoreactivity occurred in the
nuclei of damaged fibers with TDP-43—immunoreactive
cytoplasmic inclusions in MFMs.

While this article was in preparation, Weihl et al (33)
reported TDP-43 accumulation in the sarcoplasm of affected
muscles in IBMPFD and in sIBM. Muscle fibers in sIBM

showed small cytoplasmic TDP-43 aggregates, whereas muscle
biopsies from IBMPFD patients showed large peripherally
located TDP-43—positive inclusions, suggesting a distinct pat-
tern of TDP-43 immunostaining in sIBM compared with
IBMPFD. Our results confirm that TDP-43 is a component
of the inclusions in sIBM and IBMPFD. However, we ob-
served both types of TDP-43—positive inclusions (i.e. small
granular aggregates and large inclusion bodies) equally in all
sIBM cases and in the only IBMPFD sample examined. As in
MFMs, TDP-43 was reduced or absent in the nuclei of affected
myofibers. TAR DNA-binding protein 43 largely colocalized

FIGURE 5. Double labeling immunofluorescence and confocal microscopy to phospho-TAR DNA-binding protein 43 (TDP-43; A,
D, G, green) and anti-TDP-43 (B, E, H, red) in myotilinopathy (A—C) and desminopathy (D-1). Only partial colocalization of
phospho-TDP-43 and TDP-43 is found in abnormal protein aggregates (C, F, I, merge, yellow). One section of the same case
stained only with the secondary antibodies is used as a negative control (J-L). Nuclei are visualized with To-pro-3-iodide (blue).
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with ubiquitin in the large inclusion bodies in sIBM and
IBMPFD but not in the small aggregates. As in myotilinopa-
thies and desminopathies, TDP-43 was not always ubiquitinated
in sIBM and IBMPFD. This is not surprising because TDP-43
has been found not to be the major target for ubiquitination in
ALS, and TDP-43 immunoreactivity does not always colocalize
with ubiquitin in skein-like inclusions in ALS (36).

In agreement with the immunohistochemical findings,
increased TDP-43 expression levels, as revealed in Western

blots, were found in myotilinopathies, desminopathies, sIBM,
and IBMPFD. Interestingly, a smear of high molecular weight,
which is observed in TDP-43 proteinopathies (22-25), was
also observed in all diseased samples but not in control cases.
We do not know whether this corresponds to ubiquitinated or
phosphorylated TDP-43 at present. Increased protein levels
of TDP-43 in myotilinopathies, desminopathies, and sIBM
were not accompanied by upregulation of the TARBBP gene.
Therefore, increased TDP-43 protein levels and TDP-43

FIGURE 6. Double labeling immunofluorescence and confocal microscopy to phospho-TAR DNA-binding protein 43 (TDP-43;
A, D, G, green) and anti-TDP-43 (B, E, H, red) in sporadic inclusion body myositis (A—C) and inclusion body myositis with
Paget disease of bone and frontotemporal degeneration (IBMPFD; D-1). Partial colocalization of phospho-TDP-43 and TDP-
43 is seen in most deposits except the dense inclusions in IBMPFD (D-E), as seen in corresponding merge images (C, F, I,
yellow). One section of the same case stained only with the secondary antibodies is used as a negative control (J-L). Nuclei

are visualized with To-pro-3-iodide (blue).
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aggregates in MFMs and sIBM are not the result of increased
protein synthesis.

Modifications in TDP-43 immunoreactivity were not
seen in target fibers in denervation atrophy cases, thus
indicating selective involvement of TDP-43 in PAM.

The presence of TDP-43—positive inclusions in nerve
and glial cells is consistently found in many cases of FTLD
with ubiquitin-immunoreactive inclusions, FTLD with motor
neuron disease, and ALS (22-24, 37-39). TAR DNA-
binding protein 43 mutations have been reported in fa-
milial and sporadic ALS (40—42). For this reason, it has been
deduced that all of these disorders are within the same dis-
ease spectrum, which has been designated “TDP-43 pro-
teinopathy” (25, 43). The number of neurologic disorders
associated with pathologic aggregates of TDP-43 has in-
creased, however, and TDP-43 pathology has been described
in Guam ALS and parkinsonism-dementia complex, a subset
of a-synucleinopathies and tauopathies, as well as in hip-
pocampal sclerosis (39, 44-47). TAR DNA-binding protein
43 pathology has not been found in association with anoxia,
neoplasia, or ischemia, but TDP-43 immunoreactivity is pres-
ent in Rosenthal fibers and eosinophilic granular bodies (48).
Abnormal TDP-43 distribution and localization in such
varied and unrelated degenerative diseases of the nervous
system, together with its aberrant accumulation in muscle in
genetic diseases caused by mutations in MYOT, DES, and
VCP, as well as in sporadic IBM cases, makes it unlikely that
there is a common TDP-43 origin for these disorders.

As a transcription factor, active TDP-43 is primarily lo-
cated in the nuclei, but in FTLD-U, ALS, and PMA, TDP-43

A TDP-43 protein Desminopathies

Myotilinopathies

is sequestered in intracytoplasmic inclusions with associated
reduced detection of nuclear TDP-43 by immunohistochem-
ical methods. The reasons for cytoplasmic accumulation with
reduced nuclear localization in affected fibers are not known.
Two theories have been advanced: one of them indicates
extrusion of TDP-43 from the nuclei; the other postulates
abnormal transport from the cytoplasm where TDP-43 is
produced to the nucleus. Whatever the reason, 2 different
conclusions are suggested by these data. On one hand,
cytoplasmic TDP-43 accumulation in MFMs may contribute
to aggregate formation; on the other hand, reduced nuclear
TDP-43 expression may impair gene processing.

The mechanisms leading to protein aggregation in muscle
fibers in MFM and sIBM seem to be associated with impair-
ment of the proteolytic function of the ubiquitin-proteasome
protein system (10, 16, 49). Several factors, including mutant
proteins, aggresome formation, mutant ubiquitin, and post-
translational protein modifications such as phosphorylation,
oxidation, and nitration, have been shown to play a role in
MFMs (10, 35, 49-52). Recent studies have demonstrated that
perturbation of endogenous TDP-43 trafficking between the
nucleus and the cytoplasm leads to TDP-43 aggregation (53).

Finally, it is important to stress that accumulated TDP-
43 in FTLD-U with and without motor neuron disease, as well
as in sporadic and familial ALS, is phosphorylated (22, 23, 54,
55). The present study shows that phosphorylated TDP-43 is
also accumulated in the cytoplasm in sIBM, IBMPFD, myo-
tilinopathies, and desminopathies. Double labeling immuno-
fluorescence and confocal microscopy disclosed, however,
that there is not an exact colocalization of TDP-43 and
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FIGURE 7. (A) Western blots to TAR DNA-binding protein 43 (TDP-43) in desminopathies, myotilinopathies, sporadic inclusion

body myositis (sIBM), inclusion body myositis with Paget disease

of bone and frontotemporal degeneration, and controls showing

increased TDP-43 expression levels in diseased cases when compared with controls. Densitometric studies of all grouped cases
showed significant differences between desminopathies, myotilinopathies, and sIBM when compared with controls (p < 0.01 in
every group; not shown). (B) TAR DNA-binding protein 43 mRNA expression levels in myotilinopathies, desminopathies, and
sIBM compared with controls. No differences in mRNA expression levels are seen between diseased cases and controls.
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phosphorylated TDP-43, thus indicating that not all TDP-43
accumulated in the cytoplasm of vulnerable fibers is modified
by phosphorylation, at least, at Ser409/410 and Ser403/404
as revealed by specific anti-phosphor—TDP-43 antibodies.
Therefore, increased TDP-43 phosphorylation in the cyto-
plasm further indicates that abnormal TDP-43 in PAM
probably contributes to abnormal TDP-43 function, but phos-
phorylation of TDP-43 at those specific sites is not respon-
sible for all the aberrant accumulation of TDP-43.

The functions of TDP-43 are not understood at present.
It is involved in the control of gene transcription, tran-
scription of selected splicing processes, and maintenance of
mRNA stability (19). TAR DNA-binding protein 43 has been
implicated in the promotion of mRNA stability of the human
low molecular weight neurofilament (56), which may play a
role in ALS (57). With respect to degenerative diseases of
the nervous system and muscle, it is also important to stress
that TDP-43 is associated with the Microprocessor complex
Drosha/DGRS8 (58), a major complex in the processing of
microRNAs, which in turn regulates gene expression
(59-61). Recent studies have demonstrated the crucial role
of certain microRNAs in the development, physiology, and
disease of striated muscle (62—66). Moreover, microRNA-
206 seems to be uniquely expressed in muscle (67). It is also
known that myogenic regulators regulate the expression of
certain microRNAs (microRNA-1 and microRNA-206) in the
chick embryo (68). Therefore, it seems clear that TDP-43 is a
very robust candidate for the control of gene transcription in
muscle. Whether this is the case, loss of TDP-43 in the nuclei
and its aberrant accumulation in the cytoplasm of damaged
fibers may disrupt part of the microRNA machinery control-
ling gene transcription in sIBM, IBMPFD, myotilinopathies,
and desminopathies.
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4. Discussio

Abans de comentar amb profunditat els diversos aspectes a discutir dels treballs
presentats en aquesta tesi, cal esmentar que en tots i cada un d’ells les mostres amb
les quals s’ha treballat havien estat préviament diagnosticades dins dels subgrups de
les MFM causades per mutacions al gen de la desmina (DES) o de la miotilina
(MYOT), és a dir, que es classifiquen com a desminopaties o miotilinopaties (Olivé et
al. 2005, Olivé et al. 2007, Goldfarb et al. 2008).

Aixo és aixi perque del grup de pacients que han estat diagnosticats com a malalts de
MFM a I'Institut de Neuropatologia (INP) de I'Hospital Universitari de Bellvitge (HUB),
que actualment son un total de 32, gairebé un 60% presenten mutacions al gen de la
miotilina mentre que aproximadament el 20% les presenten al gen de la desmina. Per
tant, les miotilinopaties i les desminopaties representen conjuntament la majoria de les
MFM presents al nostre medi, en el qual les miotilinopaties son clarament les més
abundants (Goebel et al. 2008).

A més, tot i que les desminopaties i les miotilinopaties no recullen 'ampli ventall clinic
que es pot trobar a les MFM, si que representen els dos subgrups amb les diferéncies
més marcades pel que fa a l'edat d’aparicio dels primers simptomes, el patro
d’afectacié dels musculs observat mitjangant les tomografies coputeritzades, la
preséncia de simptomes cardiacs i respiratoris, i sobretot, pel que fa a la morfologia de
les inclusions que s’observen a les biopsies musculars dels malalts. D’'una manera
generalitzada, es considera que els fenotips de les desminopaties i les aB-
cristal-linopaties sén forgca semblants entre ells, de la mateixa manera que les
miotilinopaties i les zaspopaties comparteixen moltes caracteristiques cliniques,

radiologiques i morfologiques (Goebel et al. 2008).

Tenint en compte que I'esdeveniment patologic inicial de les MFM es troba sempre
relacionat amb la desestructuracio dels discs Z, i que totes les mutacions descrites fins
ara que causen les MFM es produeixen a gens que codifiquen per proteines que son
components dels discs Z (miotilina, ZASP, filamina C), o bé sén imprescindibles per
mantenir-ne la seva estructura (desmina, aB-cristal-lina) (Selcen 2008). Podria ser que
aquest fet estigués intimament relacionat amb la diferéncia que es troba entre la
morfologia dels agregats proteics a les desminopaties i per extensio a les oB-
cristallinopaties, on aquests son més difusos i en forma de xarxa o placa; i les
miotilinopaties i de manera semblant també a les zaspopaties i filaminopaties

causades per mutacions a la isoforma C, on aquests sé6n molt més densos i compactes
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fins al punt, que en algunes miotilinopaties s’arriben a formar cossos esferoides
(Foroud et al. 2005).

Una altra de les diferéncies entre els diferents subtipus de les MFM que ens permet
agrupar-los a grosso modo en dos grans grups (un format per les desminopaties i les
aB-cristal-linopaties i l'altre per les miotilinopaties, les zaspopaties i les filaminopaties
de la isoforma C) és el fet que les desminopaties i les aB-cristal-linopaties tendeixen a
manifestar els seus primers simptomes en edats juvenils; mentre que quan aquests
apareixen més tard de la quarta década de la vida acostuma a ser indicatiu d’un
diagnostic de MFM relacionades amb mutacions als gens de la miotilina, la ZASP o la
filamina C (Schroder et al. 2009).

Altres caracteristiques que també podrien dividir les MFM en aquests dos grups soén la
preséncia més abundant de fibres esborrades a les desminopaties i oB-
cristal-linopaties, mentre que les vacuoles, ribetejades o no, acostumen a ser més
freqUents a les miotilinopaties i zaspopaties (Claeys et al. 2009). A més, pel que fa a
'observacio ultraestructural dels agregats proteics de les MFM mitjangant la
microscopia electronica, s’observa que a les desminopaties i les aB-cristal-linopaties
aquests tenen forma de material granulofilamentds, mentre que a les miotilinopaties i
zaspopaties les inclusions citoplasmatiques son d’aspecte més filamentés (Claeys et
al. 2008). En aquest mateix treball es comenta que, els feixos filamentosos que
s’observen a les miotilinopaties i zaspopaties presenten una estructura diferent dels
que es troben a les filaminopaties causades per mutacions a la isoforma de la filamina

C, els quals també sén d’aspecte filamentés (Kley et al. 2007, Claeys et al. 2008).

Per tant, tot i que en els treballs presentats en aquesta tesi només s’han estudiat
mostres de desminopaties i miotilinopaties, creiem que els resultats obtinguts podrien
ser representatius de les MFM en general. Primerament perqué en son els dos
subgrups més abundants i després, perqué les diferéncies que presenten en les seves
caracteristiques fenotipiques i morfologiques, ens permetrien veure-les com a
principals representants de dos grans grups fets entre els diferents subtipus de les
MFM (un que estaria format per les desminopaties i les aB-cristal-linopaties i I'altre, per

les miotilinopaties, les zaspopaties i les filaminopaties de la isoforma C).
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4.1 L’estrés oxidatiu/nitratiu

Una de les primeres coses que seria important recalcar dels resultats obtinguts als dos
treballs en els quals es van utilitzar els marcadors d’estrés oxidatiu i nitratiu, és la
preséncia de proteines glicoxidades, lipoxidades i nitrades també a les mostres de
muscul esquelétic dels casos control. Aixd és degut a qué en condicions fisiologiques
hi ha una produccié constant de ROS i RNS en baixes concentracions (Moldovan et al.
2004), de manera que segurament és normal detectar nivells basals de dany oxidatiu
i/lo nitratiu. Se sap que tot i que les céllules han desenvolupat mecanismes
antioxidants, sobretot enzimatics, per palliar els efectes d’aquestes substancies
altament reactives; els teixits amb alta demanada energetica i formats essencialment
per cél-lules postmitotiques, com son el SNC i el muscul esquelétic (Grune et al. 2005),
sbn més propensos a acumular aquests tipus de danys, fet que a més s’incrementa
amb I'edat (Finkel et al. 2000). De manera que en aquest tipus d’estudis comparatius
€s molt important seleccionar casos control d’edats similars als casos patologics que

es volen estudiar.

Com que les proteines representen la principal diana del dany oxidatiu/nitratiu (Davies
et al. 1999, Dalle-Donne et al. 2006), la nostra primera aproximacié es basa en I'is de
diferents marcadors d’aquests danys com sén els marcadors de la glicoxidacié (AGE,
RAGE, CML i CEL), els marcadors de la lipoxidacié (HNE i MDAL) i els marcadors de
la nitracié (N-Tyr); en mostres de teixit muscular de pacients control i de malalts de
desminopaties i miotilinopaties mitjancant diferents tecniques en que s'utilitzen
anticossos que reconeixen les proteines que han estat modificades per aquests

marcadors.

A partir dels western blots de gels monodimensionals dels homogenats proteics de les
diferents mostres, s’observa un augment general, i sobretot pel que fa a una banda
d’'uns 60kDa de pes molecular, no només dels nivells dels productes de la glicoxidacio
(CEL, CML i AGE), sin6 també dels productes de la lipoxidacié (HNE i MDAL) i dels
nivells de nitracié (N-Tyr), a les mostres musculars dels malalts de miotilinopaties i
desminopaties. Per tant, es pot afirmar la preséncia de dany oxidatiu i nitratiu en

aquests dos subgrups de les MFM.

Pero tal com s’evidencia a I'estudi immunohistoquimic d’aquestes mostres, s’observen
diferencies pel que fa a la localitzacié d’aquests productes. Mentre que el marcatge
dels AGE colocalitza amb el dels agregats proteics, la immunoreactivitat pel MDAL es

troba només al voltant d’aquests, a la vegada que el marcatge de 'HNE es concentra
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al sarcolemma, fet que segurament esta assenyalant les proteines de membrana com
a principal diana del dany lipoxidatiu. Aquesta diferéncia queda confirmada en les
observacions fetes per microscopia confocal de I'immunofluorescéncia de doble
marcatge, i ens indica que segurament les proteines substrat de la glicoxidacié i la

lipoxidacié sén diferents.

També resulta interessant destacar lintens marcatge observat per als enzims
productors de NO (eNOS, iINOS and nNOS) a les miotilinopaties i les desminopaties,
juntament amb la seva colocalitzaci6 amb alguns dels agregats proteics presents en
ambdues MFM. De fet, no se sap si aquesta alteracio en la distribucié subcel-lular de
les NOS implica un augment o una dismunicié de la seva activitat. En altres patologies
musculars on també s’ha observat, com seria a les distrofinopaties (Wells et al. 2003,
Punkt et al. 2006), aquesta deslocalitzacié s’ha associat amb la pérdua de la seva
funcié protectora vers a la isquémia associada a la contraccié muscular (Thomas et al.
1998a, Thomas et al. 1998b), i per tant es creu que la degeneracié muscular que es
produeix en aquestes malalties podria estar lligada a la reduccioé del NO disponible per
actuar com a mediador per reduir la susceptibilitat cel-lular al estrés metabolic (Rando
2001).

Altres punts de vista defensen que quan les NOS estan lligades a la membrana sén
inactives, i que per tant la seva alliberacié al citoplasma implicaria un augment de la
seva produccié de NO i dels seus possibles efectes toxics. Quan aquest NO queda
segrestat pels anions de superdxid (O7;) que es produeixen en una situacié d’estrés
oxidatiu, es forma peroxinitrit (ONOQO"), fet que explicaria 'augment de la nitracio
proteica en forma de nitrotirosina (Buchwalow et al. 2006, Punkt et al. 2006). Aquest
segon punt de vista s’adapta millor als resultats que hem obtingut al estudiar les MFM,
on sembla que el NO podria funcionar com a captador d’anions de superoxid amb la
contrapartida d’augmentar a la vegada la modificacié de les proteines a través de la
formacid de nitrotirosina, fet que també s’ha descrit que succeeix a les miopaties amb

vacuoles ribetejades (Tsuruta et al. 2002).

Un cop arribats a la conclusié que les principals modificacions post-translacionals
relacionades amb els agregats proteics d’aquests dos subtipus de MFM so6n de
naturalesa glicoxidativa i nitrativa, es van triar els seus marcadors per tal de procedir a
identificar-ne les principals proteines diana. Mitjangant la separacio de les proteines a
partir de gels bidimensionals, el marcatge de les seves modificacions per western blot i

la posterior identificacié de les proteines corresponents als spots diferencials entre els
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casos control i els casos patoldgics mitjangcant I'espectrometria de masses, es va
identificar la desmina com a principal diana de les modificacions produides per
I'oxidaci6 i la nitracié tant a les miotilinopaties com a les desminopaties, en aquest

segon cas independentment de si aquesta desmina esta mutada o no.

Trobar la desmina com a principal diana de la glicoxidacio¢ i la nitracié en aquests dos
subtipus de les MFM no sembla massa sorprenent, ja que també és una de les
proteines que apareix en forma d’agregats als diferents subtipus de les MFM. Pero
potser és interessant destacar que aquesta proteina només presenta mutacions a les
desminopaties, i per tant podria ser que la seva susceptibilitat a ser diana del dany
oxidatiu i/o nitratiu estigués relacionada amb altres factors que no tenen perqué estar
directament lligats a la possible alteracié de I'estructura d’aquesta proteina quan es

troba mutada.

Un d’aquests factors que podria ser més rellevant és el fet que la desmina esta
implicada amb la distribuci6é subcel-lular de les mitocondries (Milner et al. 2000), que ja
en condicions fisioldgiques es creu que son una de les principals fonts de producci6 de
les ROS iles RNS a les cél-lules musculars (Murrant et al. 2001). Aixi doncs es podria
tractar d’'una simple questio de proximitat entre la font oxidant i el substrat d’aquesta

oxidacio (Dalle-Donne et al. 2006).

Perd és que a més, a les MFM també s’han descrit alteracions de la cadena
respiratoria mitocondrial caracteritzades per la disminucié de I'activitat del complex |
(Reimann et al. 2003), condicié en la qual es creu que s’incrementa la produccio
d’anions de superoxid (O%) i la d’altres ROS derivades d’aquest (Moldovan et al.
2004). Aquest fet juntament amb ['observaci6 de l'augment del nombre de
mitocondries i l'alteracié de la seva distribucié en algunes bidpsies de pacients amb
MFM, fa palesa la necessitat d’estudiar amb més profunditat les causes de les
alteracions de les mitocondries a les MFM. D’altra banda a I'inic model d’estudi dels
diferents subgrups de MFM on s’han descrit alteracions en la distribucié, morfologia i
funcié de les mitocondries és en els ratolins knock-out per a la desmina (Milner et al.
2000). De manera que no sabem si les mutacions de les proteines estructurals del disc
Z, com so6n les del gen de la miotilina a les miotilinopaties, sén suficients per alterar
també la distribucié i la funcié de les mitocondries i aixi poder explicar perquée la
desmina és la principal diana del dany oxidatiu/nitratiu també en aquest subgrup de les
MFM, i potser també en els altres subgrups que tampoc presenten mutacions al gen

de la desmina.
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Altres marcadors que podrien estar indicant la participacio de les mitocondries a la
fisiopatologia d’aquests dos subgrups de les MFM sén 'acumulacié de la SOD2 i la
eNOS als agregats proteics caracteristics d’aquestes malalties, ja que ambdos enzims

es localitzen a les mitocondries de les fibres musculars (Yu 1994, Stamler et al. 2001).

D’altra banda, la desmina no és I'linica diana de la glicoxidacié a les miotilinopaties i a
les desminopaties, ja que al fer estudis de doble marcatge amb técniques
d'immunofluorescéncia i la seva observacié per mitja del microscopi confocal s’observa
la colocalitzacié dels AGE amb la miotilina, en ambdos subtipus de MFM (resultats
annexos 7.1). El marcatge dels AGE a les miotilinopaties no només s’observa a les
fibres musculars amb agregats de miotilina, sin6é també a d’altres zones on no n’hi ha.
Mentre que el marcatge dels AGE a les desminopaties sovint es localitza al centre dels
diposits de desmina. Per tant sabem que com a minim una altra diana de glicoxidacié
d’aquests dos subtipus de les MFM és la miotilina, perd en aquest cas no hem estat
capacos d’identificar-la a partir de les técniques de separacié de les proteines en dues

dimensions i 'espectrometria de masses.

4.2 Relacié entre el dany oxidatiu i els agregats proteics
Al primer dels dos treballs sobre I'estrées oxidatiu a les MFM que es presenta en
aquesta tesi, es va fer un pas més enlla per tal d’establir una relaci6 directa entre els

agregats de proteines i la seva oxidaci6 a les miotilinopaties i les desminopaties.

A primer cop d'ull a I'estudi immunohistoquimic dels dieferents marcadors de la
glicoxidacio, la lipoxidacié i la nitracio, s’observa que una altra de les diferéncies que
trobem entre les miotilinopaties i les desminopaties pel que fa a la redistribucié
d’'aquests productes esta directament relacionada amb la morfologia dels seus
agregats, i no tant en l'especificitat de la proteina diana, que com s’ha esmentat
anteriorment es tracta principalment de la desmina. A les miotilinopaties, on els
agregats poden arribar a ser molt més compactes, també trobem un marcatge més
intens pels marcadors que colocalitzen amb els agregats com son els AGE i les
diferents formes de les NOS. Mentre que a les desminopaties, els agregats poden ser
densos a les zones subsarcolémmiques, perd en general presenten una forma de

xarxa difusa al llarg de I'espai sarcoplasmatic.
A més, mitjangcant I'observacié del triple marcatge d’immunofluorescéncia amb el
microscopi confocal s’ha pogut corroborar la colocalitzaci6 de la p62 i la ubiquitina amb

els agregats de proteines oxidades i marcades pels AGE d’aquestes malalties. Pero
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alguns dels agregats proteics que trobem oxidats no apareixen marcats ni per
I'ubiqlitina ni per la p62, fet que fa pensar que el dany oxidatiu que observem podria
ser més extens que la capacitat de la cél-lula per marcar les proteines oxidades que
haurien de ser degradades per I'UPS. Aixd esta d’acord amb el que s’ha descrit
referent a I'expressioé de la p62, la qual pot ser induida per 'augment de radicals lliures

i també per la inhibicié del proteosoma (Kuusisto et al. 2001).

Tot i que se sap que la degradacié de les proteines oxidades es pot produir d’una
manera independent al marcatge de I'ubiquitina mitjancant el proteosoma 20S (Davies
2001, Shringarpure et al. 2003), quan aquestes proteines oxidades s’enllacen entre
elles i formen agregats és dificil que puguin travessar el porus que conformen les
diferents subunitats del proteosoma i aleshores és quan es creu que la capacitat
d’aquest per digerir-les s’excedeix, tot i que encara pugui mantenir la seva activitat
catalitica (Ferrer et al. 2004, Ferrer et al. 2008,).

Es creu doncs que la colocalitzaci6 de components del proteosoma amb els diposits
de proteines insolubles, fet que no només occorre a les MFM (Ferrer et al. 2004), i el
fet que aquest estigui implicat en la protedlisi de les proteines mal plegades indica que
la causa de la formacié d’aquests agregats podria ser I'existéncia d’un desequilibri

cronic entre la produccié i la degradaci6 d’aquestes proteines (Sherman et al. 2001).

Una altra evidéncia que ens indica que el protesoma presenta algun tipus de disfuncié
a les MFM és la colocalitzacié de la ubiquitina mutada (UBB*') amb els agregats de
miotilina i desmina de les miotilinopaties i les desminopaties respectivament. Aquests
resultats es presenten al tercer treball incldos en aquesta tesi, conjuntament amb els

que descriuen la preséncia de la p62 a les inclusions d’aquests dos subtipus de MFM.

L’esdeveniment conegut amb el nom de molecular misreading que explica I'adquisicid
de delecions de dinucledtids a nivell de 'ARN missatger (ARNm) i no de 'ADN (van
Leeuwen et al. 1998, van Leeuwen et al. 2000), es creu especific d’algunes malalties
conformacionals del cervell com soén la malaltia d’Alzheimer, d’altres taupaties i la
malaltia de Huntington, perqué no apareix en d’altres malalties conformacionals com
son el Parkinson i d’altres sinucleinopaties (Fischer et al. 2003, de Pril et al. 2006).
Perd en canvi, també es produeix en altres paradigmes de malalties conformacionals,
com son algunes malalties que afecten als hepatocits i en les quals es formen els
cossos de Mallory (French et al. 2001), i altres del teixit muscular com soén les IBM

esporadiques (Fratta et al. 2004) o com ara sabem també a les MFM.
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L’acumulacié d’ubiqiitina mutada es considera un marcador de la disfuncié de I'UPS
(Lam et al. 2000, van Leeuwen et al. 2000, De Vrij et al. 2001, Lindsten et al. 2002,
Fischer et al. 2003, de Pril et al. 2006), ja que aquesta deleci6 de 'ARNm de
I'ubiquitina fa que la proteina mutada resultant (UBB*") no pugui realitzar la seva funcié
bioldgica (van Leeuwen et al. 1998). S’ha descrit que la UBB*' ha perdut la capacitat
d’ubiquitinitzar perd que en canvi si que pot ser ubiqitinitzada (van Leeuwen et al.
1998, van Leeuwen et al. 2000, De Vrij et al. 2001), fet que s’ha vist que és necessari
que es produeixi perqué la UBB*" inhibeixi al proteosoma (Lam et al. 2000, Lindsten et
al. 2002). Hi ha diferents teories que intenten explicar com es produeix aquesta
inhibicié. Uns creuen que possiblement es deu a que els enzims desubiquitinitzants no
poden desubiquitinitzar la UBB*' de manera prou eficient (Lam et al. 2000); mentre que
uns altres proposen que quan la UBB*" apareix ubiqitinitzada a la vegada a la lisina
29 i a la lisina 48, presenta una interacciéo amb el proteosoma més forta i duradora en

el temps que impedeix I'accés d’altres substrats al sistema (Lindsten et al. 2002).

Realment no es coneix el mecanisme exacte d’inhibicié del proteosoma per part de la
UBB*", perd és possible que la simple preséncia dels agregats de proteines produeixi
petits canvis en l'eficiéncia de la protedlisi de la céllula que siguin suficients per
afavorir 'acumulacié de la UBB"', fet que a la vegada produiria una inhibici6 més

general del proteosoma (Lindsten et al. 2002).

Es interessant comentar que als estudis fets amb mostres de cervell, els transcrits de
la UBB*' es troben també a les mostres control, perd que en canvi a nivell de proteina
nomeés apareixen a les neurones afectades de les mostres dels pacients amb certes
malalties neurodegeneratives (Lindsten et al. 2002). Per tant, com que sembla que els
proteosomes de les cél-lules sanes poden desfer-se de la UBB*' quan aquesta s'hi
troba en poca quantitat (Lindsten et al. 2002), segurament hi ha altres factors que

estan determinant si aquesta UBB*' s’acumula o no.

El principal factor que s’assenyala com a determinant, al convertir un esdeveniment
més o menys general com podria ser el molecular misreading en un de patologic, és
'edat (van Leeuwen et al. 2000). Pel que fa a les MFM, I'edat tambe és un factor de
risc com ho és en la majoria de les malalties neurodegeneratives on s’ha descrit la
preséncia de la UBB*'. Encara que les desminopaties es presenten en edats més
juvenils del que ho fan les miotilinopaties. Tot i aixi, altres factors com sén la preséncia
de proteines mutades i/o modificades per altres tipus de modificacions post-

translacionals, com sén les produides pel dany oxidatiu i/o nitratiu, podrien explicar
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millor perqué en aquest context 'acumulacié de la UBB*' pot esdevenir un element

patogénic a ser sumat als esmentats anteriorment.

A més, tampoc no es pot descartar la possible preséncia d’altres proteines afectades
per aquest esdeveniment a les MFM, tal com s’ha vist que també succeeix amb la
proteina precursora del B-amiloid (BAPP) a pacients amb la malaltia d’Alzheimer o la
sindrome de Down (van Leeuwen et al. 1998). Per explorar aquesta possibilitat, seria
interessant comprovar si les seqiéncies dels gens implicats en les MFM soén riques
amb motius GAGAG als seus exons, fet que representa que incrementa les
possibilitats de patir la delecié del dinucledtid (GA) que explica la formacioé d’aquestes

proteines+1 (van Leeuwen et al. 2000).

D’altra banda, mentre la preséncia de la UBB*' a les fibres musculars de malalts de
miotilinopaties i desminopaties podria implicar la participacié de 'UPS a la patogénia
de les MFM; l'observaciéo en aquest mateix treball de la preséncia de la p62 a les
inclusions citoplasmatiques d’aquestes mateixes mostres podria indicar I'existéncia
d’'una resposta defensiva de la célllula enfront de I'acumulacié citoplasmatica de

proteines nocives (Zatloukal et al. 2002).

Tot i que de nou observem una diferéncia pel que fa a la intensitat de la
immunoreaccié de la p62 entre les miotilinopaties i les desminopaties, la qual és més
forta a les miotilinopaties. Aquest fet s’atribueix al diferent nivell de compactacio de les
inclusions d’ambdues malalties i a la formacié menys freqiient de cossos d’inclusié a

les desminopaties.

A més, aquesta diferencia de la morfologia de les inclusions entre les desminopaties i
les miotilinopaties també s’observa al comparar la seva colocalitzacié amb la d’altres
marcadors de l'agresoma com és la y-tubulina (resultats annexos 7.2 i 7.3). En
aquestes imatges de microscopia confocal observem que els agregats de miotilina
colocalitzen facilment amb la y-tubulina tan a les miotilinopaties com a les
desminopaties, mentre que a les desminopaties la desmina hi colocalitza només
parcialment. Aquesta observacio, tot i que hauria de ser més ampliada i contrastada
(com a minim per tal d’estudiar si hi ha colocalitzaci6é de la desmina i la y-tubulina a les
miotilinopaties), suggereix que a les miotilinopaties les fibres musculars sén capaces
d’agrupar les diferents proteines en forma d’agregats més grans i compactes que

encaixen perfectament amb la definicié de 'agresoma; mentre que a les desminopaties
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els agregats de desmina semblen estar més dispersos que els de miotilina. Aquesta
suposada dificultat de les fibres musculars per formar un “auténtic” agresoma quan la
desmina és la proteina que es troba alterada, fet que de moment només hem observat
a les desminopaties on aquesta a més a més es troba mutada, podria explicar perquée
el pronostic d’aquest subtipus de les MFM és molt més sever i I'edat d’aparicié dels

seus primers simptomes molt més primerenca.

Finalment cal destacar que a més del paper que s’otorga a la p62 en la formaci6 dels
agresomes, també se la considera una proteina que fa de pont entre els agregats
poliubiquitinitzats i la maquinaria de l'autofagia (Bjorkoy et al. 2006, Komatsu et al.
2007, Pankiv et al. 2007). Avui en dia l'estudi de l'autofagia (o0 més ben dit, la
macroautofagia) a les malalties amb preséncia d’agregats proteics ha despertat molt
d’interés, ja que s’entén com un mecanisme cel-lular amb capacitat per degradar el
que no ha pogut ser-ho mitjangant 'UPS i que podria ser regulat farmacologicament
(Keller et al. 2004, Lunemann et al. 2007, Askanas et al. 2009). Tot i que encara no se
sap si l'autofagia juga un paper protector o patologic en les diverses malalties on
s’estudia (Shintani et al. 2004), alguns resultats ja apunten que no sempre és igual
d’efectiva, ja que al comparar diferents models cel-lulars on s’hi expressen diferents
tipus de proteines mutades, el model que expressa la desmina mutada és un dels que

presenta resisténcia a 'autofagia (Wong et al. 2008).

Seria molt interessant comprovar si aquest fet podria tenir alguna relacié amb la
proposada dificultat en la formacié de I'agresoma en funcié de quina és la proteina
mutada. Cosa que es podria realitzar a partir d’estudis comparatius entre les
desminopaties i les miotilinopaties que també incloguessin models cel-lulars

d’expressié de la miotilina i la desmina mutada.

4.3 Altres proteines agregades a les MFM

4.3.1 TDP-43

Una de les troballes més sorprenents que s’han fet a I'hora d’identificar noves
proteines que formen part dels agregats proteics de les MFM ha estat la preséncia de
la TDP-43. Aquests resultats es descriuen al quart article presentat en aquesta tesi, en
el qual els casos estudiats no només inclouen les miotilinopaties i les desminopaties
com a representants de les MFM, sin6 també casos d’'IBM i un cas d'IBMPFD (amb

una mutacié al gen de la valosina) amb fins comparatius.
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La idea de buscar la TDP-43 al muscul sorgeix de la seva descripcié a les inclusions
ubiquitinitzades de les FTLD-U, juntament amb I'existéncia d’un tipus de DFT causada
per mutacions al gen de la valosina (VCP) que també presenta afectacié al muscul en
forma de IBM (IBMPFD). Mentre un altre grup se’ns avangava amb la publicacié de la
troballa de la TDP-43 a les inclusions citoplasmatiques ubiquitinitzades presents a les
bidpsies dels pacients amb IBMPFD i IBM esporadiques (sense causa genética) (Weihl
et al. 2008); nosaltres també ftreballavem amb mostres de MFM causades per

mutacions al gen de la desmina (DES) o al de la miotilina (MYOT).

Aleshores, la pregunta fonamental que es planteja és qué tenen en comu les IBM i les
MFM per compartir la preséncia de la TDP-43 a les seves inclusions citoplasmatiques,
tenint en compte que la ubicacié majoritaria d’aquesta proteina al teixit muscular, i

també en d’altres teixits, és a I'interior dels nuclis (Ayala et al. 2008).

A nivell clinic, el nou i creixent concepte de les miopaties d’agregats proteics (PAM)
pretén englobar totes les miopaties que presenten acumulacions anomales de
proteines al citoplasma de les fibres musculars (Goebel et al. 2006, Goebel et al.
2008). Les MFM representen el grup majoritari dins de les malalties incloses a la
definicié de les PAM, a la vegada que les IBM es consideren el principal exemple de
les PAM d’origen esporadic o no genétic (Goebel et al. 2008). Per tant, les IBM i les
MFM comparteixen I'acumulacié andmala de proteines com a principal tret morfologic
de les fibres musculars afectades, i en molts casos, també comparteixen la identitat de
moltes d’aquestes proteines acumulades com és el cas de la recentment trobada TDP-
43.

Una diferéncia destacada que es troba al comparar ambdés treballs és que al primer
(Weihl et al. 2008), les inclusions de la TDP-43 s’observen sempre ubiquitinizades a
les IBMPFD mentre que a les sIBM els dos marcadors només colocalitzen en alguns
casos, de manera que proposen l'existéncia d’'un patré del marcatge de la TDP-43
diferent entre ambdues patologies. Els nostres resultats destaquen la falta de
colocalitzacié de la ubiquitina i la TDP-43 en moltes de les inclusions de les mostres de
les MFM estudiades (miotilinopaties i desminopaties), i també de les de sIBM i
IBMPFD, és a dir, que en cap de les mostres estudiades la TDP-43 apareix sempre
ubiqiitinitzada. A més, les malalties on la ubiqtitina i la TDP-43 sembla que
colocalitzen més sovint sén les mateixes en les que també s’observa la colocalitzacié
de la TDP-43 amb la proteina que s’hi troba mutada, que sén, amb la mioctilina a les

miotilinopaties i amb la valosina a la IBMPFD. Per tant, podria ser que la TDP-43 que
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apareix acumulada a les malalties musculars que s’estudien en aquest treball no
estigui realment ubiquitinitzada, sind simplement molt proxima a altres proteines que si
que ho estan. Fet que suggereix que 'acumulacié de la TDP-43 a aquestes malalties
podria ser secundaria a la daltres proteines que segurament tenen molt més

protagonisme en els esdeveniments patologics que s’hi produeixen.

En canvi la TDP-43 si que es troba fosforilada a la Ser 403/404 i a la Ser 409/410 a
moltes de les inclusions, tot i que no a totes on la TDP-43 apareix acumulada, que
presenten les diferents mostres que s’examinen en aquest treball (miotilinopaties,
desminopaties, sIBM i IBMPFD). Aquestes fosforilacions de la TDP-43 son les
mateiexes que s’han descrit associades a les malalties neurodegeneratives del
sistema nervios caracteritzades per 'acumulacio citoplasmatica de la TDP-43, com son
la FTLD-U, amb o sense afectaci6¢ de les motoneurones, i 'ELA sigui de tipus
esporadica com familiar (Hasegawa et al. 2008, Inukai et al. 2008, Neumann et al.
2009Db).

El fet que la fosforilacié de la TDP-43 no sembla imprescindible perqué es produeixi
'acumulacioé de la proteina (Zhang et al. 2009), i que es tenen en compte altres factors
com serien el seu truncatge o I'alteracié de les seves senyals d’importacié cap al nucli
per explicar-ne I'acumulacié citoplasmatica (Igaz et al. 2009, Nonaka et al. 2009,
Zhang et al. 2009, Winton et al. 2008); no treu significacié al fet que es trobin les
mateixes fosforilacions de la TDP-43 en aquestes malalties musculars incloses en la
definici6 de les PAM i a les del sistema nervidés caracteritzades per I'acumulacio
citoplasmatica de la TDP-43. Podria ser que aquesta coincidéncia fés una
consequéncia de l'activacié de les mateixes quinases, i per tant, indicar la possible
existéncia de mecanismes de senyalitzaci6 comuns entre les patologies amb

preséncia d’acumulacions anomales de proteines de diferents teixits.

De tota manera el que resulta més intrigant de tots aquests resultats és que
'acumulacié citoplasmatica de la TDP-43, estigui fosforilada o no, sempre va
acompanyada de la seva disminucié o desaparicié del nucli, on sembla que realitza la
majoria de les seves funcions. Per tant, una de les principals conseqiéncies d’aquest
fet podria ser la pérdua d’aquestes funcions, ja sigui a nivell de la regulacié de la
transcripcié i/o del splicing alternatiu, com de l'estabilitat dels ARNm (Buratti et al.
2008). Perd és que a més, la TDP-43 també forma part del grup de proteines que
s’associen amb el macrocomplex implicat en el processament dels microARNs

anomenat Microprocessor complex, que principalment esta format per una ARNasa del
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tipus lll de les endonucleases anomenada Drosha (o també RN3) i una proteina que
conté dominis d’'uni6 a I'ARN de doble cadena anomenada DGCR8 (DiGeorge
syndrome critical region gene 8) (Gregory et al. 2004, Filipowicz et al. 2008). Tot i que
sembla que a les céllules animals la TDP-43 participaria en la part del procés de
maduracié d’aquests microARNs que es produeix al citoplasma conjuntament amb una
altra ARNasa del tipus Il anomenada Dicer (Chendrimada et al. 2005, Filipowicz et al.
2008), creiem que segurament quan la TDP-43 queda atrapada als agregats proteics

de les MFM tampoc pot continuar realitzant aquesta funcio.

S’ha descrit que els microARNSs regulen I'expressié genica i la diferenciacié cel-lular de
molts teixits i també del muascul, ja sigui durant el seu desenvolupament com en
condicions patologiques (Callis et al. 2007, Chen et al. 2009). Fins i tot ja se’n han
identificat alguns que son especifics del muscul, com per exemple el microARN-206
(McCarthy 2008); a la vegada que s’esta comengant a descriure la seva implicacié en
diverses patologies musculars primaries com sén la distrofia muscular o la hipertrofia
cardiaca (Chen et al. 2009). Ara per ara no sabem la implicacié que podria tenir a les
MFM i a les IBM la possible alteracié de la maduracié dels microARNs a causa d’'una
hipotética perdua de funcié de la TDP-43, perd és un camp per explorar molt novedés,
on a més s’obre la possibilitat d’entendre la relacié, moltes vegades no equivalent,
entre els nivells de ARNm d’una proteina i la quantitat d’aquesta proteina que

s’expressa finalment.

Referent a aquest tema cal destacar que als subtipus de les MFM estudiades en
aquest treball, les miotilinopaties i les desminopaties, 'augment dels nivells de les
principals proteines que s’hi troben acumulades no és degut a un augment de
I'expressio dels seus gens. Aixd ho vam comprovar tan per la desmina i la miotilina
(proteines que es troben mutades a les desminopaties i a les miotilinopaties
respectivament), com per la TDP-43 (els nivells ARNm de la qual també van ser
mesurats a les mostres de IBM esporadiques) (resultats annexos 7.4). Els nostres
resultats sébn molt similars als obtinguts al estudiar els nivells d’expressié dels gens
relacionats amb algunes d’aquestes proteines (desmina i miotilina) i d’altres que també
apareixen acumulades a les mostres d’IBM hereditaries i de MFM de mutacié no
especificada (Raju et al. 2007). Mentre que a les mostres de FTLD-U amb o sense
afectacié de les motoneurones s’han trobat augments de I'expressié de la TDP-43, tot i
que aquests no son gaire elevats (Mishra et al. 2007). A més, el fet que els nivells
d’expressio de la TDP-43 tampoc es trobin alterats a les MFM, de la mateixa manera

que no ho estan els de la desmina i la miotilina, reforca les hipotesis que relacionen
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aquestes patologies amb disfuncions dels sistemes de degradaci6 proteica. Tot i que
no deixa de sorprendre que davant de la produccié de proteines mutades (que en
principi s6n menys funcionals), la célllula no respongui augmentant-ne la seva
produccid; a la vegada que s’obre linterrogant de si podrien trobar-se activats

mecanismes capacos d’atenuar-ne la seva expressio.

4.3.2 Tau

Una altra de les proteines que també podem trobar als agregats de les MFM és la
proteina tau fosforilada, fet que no és una novetat ja que fa temps que en tenim
constancia (Ferrer et al. 2004). Al cinqué i ultim treball inclds en aquesta tesi, tot i que
es troba a I'apartat dels resultats annexos (7.5), es presenten els resultats obtinguts al
intentar aprofundir en la caracteritzacié de la proteina tau que ara podem afirmar que

també s’expressa al teixit muscular esquelétic.

Tot i que molts aspectes d’aquest ultim treball queden sense resoldre, es plantegen
una série de qlestions que em semblen interessants de discutir, sobretot pensant amb
coses que es podrien fer o tenir en compte en futurs estudis de les MFM. A més, com
que l'acumulaci6 de la proteina tau és una altra de les caracteristiques que
comparteixen les MFM i les IBM, i en aquesta segona patologia el seu estudi és molt
més extens (Askanas et al. 1994, Murakami et al. 1995a, Askanas et al. 1996,
Mirabella et al. 1996, Maurage et al. 2004), també se’n inclouen mostres a I'estudi amb

proposits comparatius.

Per comencgar trobo important reafirmar que no tenim cap dubte que la proteina tau
s’expressa al teixit muscular tan en condicions fisioldgiques com en patoldgiques, ja
que n’hem detactat el seu ARNm a totes les mostres analitzades en aquest estudi.
Aquesta deteccid6 s’ha realitzat mitjangant una sonda TaqMan que és capag¢ de
detectar les 6 isoformes que es troben al SNC, ja que els encebadors que inclou
reconeixen una regié d’'unioé entre dos exons que es troba a la part final de les seves
sequeéncies. A més molt possiblement aquesta sonda també pot reconéixer la isoforma
d’elevat pes molecular de la tau que fins ara s’ha considerat especifica del SNP; ja que
aquesta isoforma es diferencia de les isoformes petites perqué inclou dos exons
“‘extra” enmig de la regié amino-terminal de la seva seqiencia (I'exd 4B i 'ex6 6) que
les isoformes del SNC no presenten, i en canvi si que comparteixen la regi6 final de la

seva sequencia (Couchie et al. 1992, Goedert et al. 1992).
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Una altra de les maneres d’aprofundir en la caracteritzacié de la tau present al muscul
és ampliant la llista d’anticossos utilitzats per tal de reconéixer-la, i sobretot, incloent
anticossos que reconeixen també la tau sense fosforilar (ex. tau 46). A nivell
immunohistoquimic s’observa que aquests anticossos marquen de manera més o
menys parcial els agregats proteics que trobem tan a les miotilinopaties com a les
desminopaties. Una altra vegada el marcatge observat a les miotilinopaties és més
intens que el que es troba a les desminopaties, de la mateixa manera que passa amb
molts d’altres marcadors. D’altra banda, alguns dels anticossos com sén els de la tau
fosforilada a la Ser 396 i el PHF1 semblen reconeixer també zones del sarcolemma o
proximes a aquest, i fins i tot estructures membranoses que es troben proximes als
agregats i que potser podrien ser vacuoles autofagiques. Aquest fet resulta forca
sorprenent ja que la tau és una proteina que en condicions normals es troba associada
als microtubuls on exerceix una funcié estabilitzadora de la seva polimeritzacioé
(Weingarten et al. 1975).

Per tant, la primera necessitat que apareix és la de descriure quines son les isoformes
de la proteina tau que es troben al teixit muscular i si aquestes soén iguals o diferents
de les que es troben al SNC i al SNP, per tal de poder interpretar de manera més
fiable els resulats que obtenim quan treballem amb anticossos i sondes TagMan

dissenyades per a 'estudi de les isoformes descrites al sistema nervios.

L’aproximacié més semblat que hem pogut fer en aquest sentit ha estat mirar quins
patrons de bandes reconeixen els diferents anticossos de la tau i la tau fosforilada als
homogenats totals dels diferents casos. Donada la limitacié de quantitat de mostra que
suposa treballar amb bidopsies musculars humanes, no s’ha pogut ni plantejar la
possibilitat d’adaptar el protocol que tenim per a mostres de cervell per obtenir una
fraccioé de la mostra enriquida amb PHF (paired helical filaments). Fet que segurament
ha dificultat que poguéssim corroborar els resultats que han obtingut altres grups a
partir de mostres d’'IBM, els quals observen un doblet d’isoformes de la tau al muscul
al voltant dels 60-62kDa o 66-68kDa (Mirabella et al. 1996, Maurage et al. 2004).
Aquests mateixos grups també observen una banda d’elevat pes molecular al voltant
de 110kDa, perd la descarten sense fer més proves ja que ho consideren una
contaminacié del possible SNP que es pugui trobar a la mostra. No és la primera
vegada que es detecta aquesta banda d’elevat pes molecular de la proteina tau al
teixit muscular, ja sigui huma o de rata (Llbke et al. 1994, Gu et al. 1996), perd sembla
que hi ha certa resisténcia a acceptar que aquesta isoforma anomenada big tau podria

no ser especifica del SNP. Treballant en aquesta mateixa linia vam voler estudiar-ne la
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preséncia als homogenats totals de cel-lules C2C12 (mioblasts de ratoli), les qual van
ser homogeneitzades amb el mateix tamp6 utilitzat per a les mostres de teixit i
corregudes en paral-lel a la resta de mostres. D’aquesta manera també vam poder
detectar una banda d’elevat pes molecular de la proteina tau en mioblasts de ratoli, tot
i que amb un pes molecular lleugerament inferior (100kDa) i sense presentar la forma
de doblet que s’observa a les mostres de teixit. D’altra banda també vam intentar
aillar-la a partir de la separaci6 de proteines en gels bidimensionals tan de mostres de
teixit com de cél-lules C2C12, per tal d’identificar-la mitjancant I'espectrometria de
masses i aixi tenir la prova definitiva de la preséncia d’'una isoforma d’elevat pes
molecular de la proteina tau al teixit muscular. Perd de nou, la impossibilitat d’enriquir
la mostra amb una fraccié6 de PHF insolubles i la poca quantitat de mostra disponible

no ho van fer possible.

La facilitat amb que es detecta aquest doblet d’elevat pes molecular tan a les mostres
control com a les patologiques mitjangant diferents anticossos contra la tau fosforilada i
sense fosforilar (excepte I'anticods contra la tau fosforilada a la Ser 262), i només a
partir d’homogenats totals de les mostres, fa pensar que segurament aquesta podria
ser la isoforma més abundant de la tau al muscul, tal com ja s’ha demostrat en els
teixits musculars esquelétic i cardiac de la rata (Gu et al. 1996). En aquest mateix
treball on s’estudia la preséncia de la tau a diferents teixits de la rata també es
comenta que al teixit muscular esquelétic es troben dues bandes d’elevat pes
molecular d’aquesta proteina, una de 120kDa i 'altra a 110kDa que després de ser
defosforilades passen a ser de 110 i 100kDa (Gu et al. 1996). A més també s'hi
comenta que als teixits on I'expressié de la big tau és abundant, com és al teixit
muscular esquelétic de la rata, aquesta sovint apareix fosforilada a la Ser 396 (Gu et
al. 1996). Els nostres resultats sén molt similars als obtinguts en aquest treball, ja que
els anticossos que reconeixen un doblet amb un pes molecular al voltant dels 120kDa
a les nostres mostres control i patoldogiques de teixit muscular esqulétic huma son
I'anticos tau 46, el de la tau fosforilada a la Ser 396 i el PHF1. Se sap que I'epitop que
reconeix I'anticos PHF1 correspon a la meitat carboxi-terminal de la proteina, part que
també reconeix I'anticos tau 46 (I'epitop del qual inclou els aminoacids 404-441 de la
tau humana), i que a més també inclou I'epitop de la tau fosforilada a la Ser 396/404
(Otvos et al. 1994, Maas et al. 2000).

Tot i que les mostres patoldgiques (miotilinopaties, desminopaties i IBM) mostren una
tendéncia clara a I'increment del grau de fosforilacié d’aquesta isoforma de la tau, no

sabem si aixd es tradueix o no en una alteracid del grau d’estabilitzacidé dels
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microtubuls del muscul, ja que la funcié d’aquests en aquest teixit és encara poc
coneguda (Clark et al. 2002). El que si que se sap és que existeixen proteines
especifiques del muscul, com la MURF-2 i la MURF-3, que tenen un paper
estabilitzador dels microtubuls del muascul, i d’altres com la MAP4 que es creu que hi
podrien col-laborar (McElhinny et al. 2004). D’altra banda se sap que l'alteracié de la
dinamica dels microtubuls pot tenir serioses consequéncies també al teixit muscular,
com els passa a alguns malalts de cancer que han estat tractats amb colxicina (agent
inhibidor de la polimeritzacié dels microtubuls) que desenvolupen un tipus de miopatia
caracteritzada per I'acumulacié de lisosomes anomenada miopatia de la colxicina
(Kuncl et al. 2003, Sieb et al. 2003). L’'observacié que els microtubuls del muscul
podrien estar implicats en el sistema de transport intracel-lular de la via endosomal i
lisosomal (Kuncl et al. 2003), com la seva implicacié en la formaci6é dels agresomes
(Johnston et al. 1998, Johnston et al. 2002); estructura que a més ha estat relacionada
amb la possible activacié dels mecanismes d’autofagia (Bjorkoy et al. 2006, Pankiv et
al. 2007); son caracteristiques que lliguen la implicacié que podria tenir 'alteracié de la
xarxa dels microtubuls a malalties com les MFM i les IBM, que també presenten
'acumulacié de vacuoles autofagiques com una altra de les seves caracteristiques

histopatologiques comunes (Selcen et al. 2004a, Dalakas 2006).

Finalment de les diferents quinases que se sap que fosforilen la tau a la Ser 396/404 in
vitro, que son la MAPK (MAP quinasa ERK1/ERK2) i la GSK3p (Biernat et al. 1993,
Godemann et al. 1999), hem trobat que només la GSK3pB presenta una marcada
immunoreactivitat pels agregats proteics que trobem tan a les mostres de les
miotilinopaties i les desminopaties com a les d’IBM. En aquesta ultima ja s’havia
descrit anteriorment la implicacié de I'activitat de la GSK3p en la fosforilacié de la tau
(Kitazawa et al. 2008). D’altra banda el marcatge de la suposada forma inactiva
d’aquest enzim (GSK3p fosforilada a la Ser 9) és molt més intens que el de la GSK3
total (o i B). Perd com que al fer el ratio de la GSK3p fosforilada a la Ser 9 respecte la
GSK3p total a partir dels resultats obtinguts per western blot, ens déna una tendéncia
a la baixa (tot i que només és estadisticament significativa a les mostres d'IBM que
presenten molta menys variabilitat que les de les MFM); i el fet que també trobem un
intens marcatge dels agregats per la xaperona 14-3-3 a totes les nostres mostres
(resultats annexos 7.6), la qual se sap que és capa¢ de mantenir la capacitat de
fosforilar la tau de la GSK3p in vitro encara que estigui fosforilada a la Ser 9 (Yuan et
al. 2004); creiem que molt possiblement la GSK3p també és responsable de 'augment

de la fosforilacié de la tau que trobem a les mostres musculars de les MFM.
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5. Conclusions

5.1 Modificacions per dany oxidatiu/nitratiu

El dany proteic associat a I'estrés oxidatiu/nitratiu pot ser considerat com un dels
factors patogénics que contribueix a la miodegeneracié que es produeix a les

MFM, primerament causada per I'expressio de proteines estructurals mutades.

Aquest dany proteic, demostrat per la preséncia de modificacions post-
translacionals a les biopsies musculars de pacients amb desminopaties i
miotilinopaties, afecta a proteines clau pel funcionament de les fibres musculars

com és la desmina.

La desmina no és la unica proteina afectada, ja que hi ha agregats oxidats/nitrats
que només hi colocalitzen parcialment. Una de les altres proteines diana del dany
glicoxidatiu podria ser la miotilina que també colocalitza amb algun dels seus

marcadors tan a les miotilinopaties com a les desminopaties.

La font d’aquest estrés oxidatiu/nitratiu es podria trobar a les mitocondries ja que
alguns enzims associats a la produccié del NO i a la regulacié de I'estat redox que
es localitzen a la mitocondria (eNOS i SOD2) també colocalitzen amb els agregats

proteics d’'ambdues patologies.

5.2 Relacio entre el dany oxidatiu i els agregats proteics

El dany oxidatiu/nitratiu apareix associat als agregats tipics de les MFM, ja que
s’ha establert la relacioé entre 'acumulaci6 de la desmina i la seva oxidacié/nitracié
tan si aquesta esta mutada (desminopaties) com si no (miotilinopaties i

desminopaties).

Aquest dany oxidatiu/nitratiu podria ser previ a les alteracions de 'UPS associades
a les malalties amb diposits de proteines, ja que s’observen agregats oxidats que

encara no han estat marcats amb 'ubiquitina per a la seva posterior degradacio6.

La presencia als agregats proteics d’altres marcadors associats amb la disfuncio
del proteosoma com és la UBB*' assenyala la incapacitat d’aquest sistema de
degradacié proteica per degradar aquests agregats com un dels altres

mecanismes patologics implicats a les MFM.
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Altres marcadors associats a la formacié de I'agresoma i a la vinculacié d’aquests
amb els diferents sistemes de degradacié proteica, ja sigui el proteosomal com el
lisosomal, com és la p62 que també trobem a les inclusions proteiques de les
MFM; indiquen l'existéncia d’'una resposta de les fibres musculars a la preséncia
de proteines mal plegades, oxidades i/o nitrades i que al agregar-se no poden ser
degradades per I'UPS. A la vegada que pot assenyalar la possible activacié de la

maquinaria de I'autofagocitosi, camp que encara esta per explorar a les MFM.

5.3 Altres proteines agregades a les MFM

La TDP-43 que es troba agregada a les MFM no esta tan ubiquitinitzada com la
que es pot trobar en algunes malalties neurodegeneratives o com si que ho estan
altres proteines caracteristiques dels agregtas de les MFM. Aquest fet ens podria
estar indicant que la seva agregacié és secundaria a la d’altres proteines que
jugen un paper molt més rellevant en els esdeveniments patologics que s'hi

produeixen.

El fet de que aparegui fosforilada de la mateixa manera que ho esta en algunes
malalties neurodegeneratives ens indica que els mecanismes involucrats en la
deslocalitzacié de la TDP-43 del nucli i el seu anclatge als agregats proteics

citoplasmatics poden ser comuns en amdds teixits o tipus cel-lulars.

A més l'estudi de la seva expressié (ARNm) juntament amb la d’altres proteines
caracteristiques d’aquestes patologies (desmina i miotilina) reforca la idea que
I'elevat nivell d’aquestes proteines a les MFM és degut a problemes en la seva

degradaci6 i no en 'augment de la seva produccié.

Una altra proteina que també es troba agregada a les MFM és la tau, que
s’expressa al teixit muscular tan en condicions fisioldbgiques com patologiques ja
que es detecta a nivell de proteina i de TARNm a totes les mostres musculars

analitzades.
Segurament la isoforma d’elevat pes molecular de la tau anomenada big tau podria

no ser només especifica del SNP, sin6 també la isoforma més abundant de la tau

al muscul esqueletic.
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A més, aquesta isoforma de la tau apareix fosforilada a la Ser 396, epitop que
també reconeix I'anticos PHF1, tan a les mostres control com a les patologiques.
Tot i aixi, sembla que les mostres de les MFM presenten un augment d’aquesta
fosforilacio semblant al que presenten les mostres de les IBM, i que la GSK3p
podria ser la responsable d’aquest augment de la fosforilaci6 a les mostres
patologiques. Tot i que es desconeixen les conseqliéncies que aquest fet pot tenir
a nivell funcional, podria estar destacant la necessitat d’'un bon funcionament de la
xarxa de microtibuls també a les MFM, on processos com la formacié dels

agresomes i 'autofagocitosi podrien ser-ne plenament dependents.

5.4. Conclusié general

Molts dels marcadors que hem trobat associats als agregats proteics caracteristics
de les MFM als diferents treballs presentats en aquesta tesi sén els mateixos que
trobem en moltes malalties neurodegeneratives (marcadors d’estrés
oxidatiu/nitratiu, p62, UBI*", TDP-43, tau fosforilada); fet que fa evident que
ambdos teixits, SN i muscul, comparteixen molts dels mecanismes patologics
associats a les malalties caracteritzades per la preséncia d’agregats proteics.
Aquestes | d’altres caracteristiques que comparteixen les malalties
neurodegeneratives amb les MFM i d’altres PAM, com les IBM, potser fara que en
un futur proxim es defineixi d'una manera més concreta el concepte de la

miodegeneracio.
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7. RESULTATS ANNEXOS






7. Resultats annexos

7.1 Confocals de la miotilina i els AGE a les desminopaties

Fig 1. Immunofluorescéncia de doble marcatge observada per microscopia confocal de la
miotilina (verd, A) i els AGE (vermell, B) a les desminopaties. En aquest cas la colocalitzacié de
la miotilina i els AGE (solapament en groc, C) és gairebé total. Com a control negatiu (D-F)
s’utilitza una secci6 del mateix cas incubat només amb els anticossos secundaris. Els nuclis
cel.lulars es visualitzen per mitja de la tinci6 amb To-pro®-3-iodide (blau). Els materials i
métodes corresponents a aquesta figura sén els mateixos que es troben descrits al primer
article presentat en aquesta tesi (3.1).

163



7.2 Confocals de la y-tubulina i la miotilina a les miotilinopaties

Fig 2. Immunofluoresceéncia de doble marcatge observada per microscopia confocal de la y-
tubulina (verd, A) i la miotilina (vermell, B) a les miotilinopaties. S’observa una colocalitzacié de
la miotilina i la y-tubulina a la majoria dels agregtas proteics, sobretot a les fibres més
atrofiqgues. Com a control negatiu (D-F) s’utilitza una seccié del mateix cas incubat només amb
els anticossos secundaris. Els nuclis cel.lulars es visualitzen per mitja de la tinci6 amb To-pro®-
3-iodide (blau). Els materials i métodes corresponents a aquesta figura sén els mateixos que es
troben descrits al primer article presentat en aquesta tesi (3.1). L’anticos de la y-tubulina utilitzat
en aquesta tecnica correspon a un anticos policlonal de la casa Sigma utilitzat a una
concentracié de 1:100.

164



7.3 Confocals de la y-tubulina i la desmina o la miotilina a les

desminopaties

Fig 3. Immunofluoresceéncia de doble marcatge observada per microscopia confocal de la y-
tubulina (verd, Ai D) i la desmina (vermell, B) o la miotilina (vermell, E) a les desminopaties. La
desmina i la y-tubulina colocalitzen parcialment sobretot a nivell dels agregats subsarcolémics
(solapament en groc, C), en canvi els agregats de miotilina, tot i ser menys frequents hi
colocalitzen totalment (solapament en groc, F). Com a control negatiu (G-l) s’utilitza una seccié
del mateix cas incubat només amb els anticossos secundaris. Els nuclis cel.lulars es visualitzen
per mitja de la tinci6 amb To-pro®-3-iodide (blau). Els materials i métodes corresponents a
aquesta figura son els mateixos que es troben descrits al primer article presentat en aquesta
tesi (3.1). L'anticos de la y-tubulina utilitzat en aquesta técnica correspon a un anticos policlonal
de la casa Sigma utilitzat a una concentracié de 1:100.
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Resultats annexos

7.4 RT-PCR de la miotilina i la desmina a les MFM

O controls O miotilinopaties @ desminopaties

2,0

1,8
1,6
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0,0 T T
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AU

*k

Fig 4. Nivells d’expressi6 de la TDP-43 (Hs00606522_m1) i altres gens diana de les MFMs com
son la desmina (Hs01090875 m1) i la miotilina (Hs00199016_m1) utilitzant TagMan® Gene
Expression Assays (Applied Biosystems). A partir de I'extraccié d’ARN amb RINs (RNA integrity
number) superiors a 6 per 5 mostres de miotilinopaties, 4 de desminopaties i 6 controls, es
procedeix a la seva conversié a cDNA i a la real-time PCR. A continuaci6 es pot realitzar la
quantificacié relativa dels gens diana mitjangant la normalitzacié de les dades obtingudes
utilizant dos controls endogens diferents (GUS i B2M). En ambdues patologies, tan la TDP-43
com els altres gens diana mesurats (miotilina i desmina), no presenten cap variacié en el seu
nivell d’expressio. Els materials i metodes corresponents a aquesta figura son els mateixos que
es troben descrits al quart article presentat en aquesta tesi (3.4).
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7.5 Article de la fosforilacio de la tau a les MFM
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Abstract

Tau expression and tau phosphorylation were examined in muscle biopsies of sporadic
inclusion body myositis (sIBM), myoytilinopathies and desminopathies compared with
controls. A panel of anti-tau antibodies including 3Rtau, 4Rtau, phospho-specific tau
Thr181, Ser262, Ser396, Ser422 and antibody AT8 (recognizing phosphorylation sites
Ser202 and Thr205) and Alzh50 (conformation-dependent) showed diffuse staining in
scattered fibers and peripheral or central aggregates in sIBM and myotilinopathies, and
to a much lesser degree in desminopathies, when compared with controls. This was
accompanied by significantly increased tau expresion on western blots immunostained
with PHF1 antibody, which recognizes a band of 120 kDa corresponding to big tau and
several bands of lower molecular weight between 60 and 70 kDa, in sIBM and some
myotilinopatyhy cases. Increased tau accumulation is not accompanied by increased
tau mMRNA expression levels but by increased focal immunoreactivity in damaged fibers
which is variable from one case to another. Increased tau immunoreactivity is
associated with increased focal expression of several kinases known to be involved in
tau phosphorylation in vitro such as AKT-P, MAPK/ERK-P, GSK-3BSer9, GSK-3pTyr,
and stress kinases SAPK/JNK-P and p38-P. These findings confirm previous
observations in sIBM, demonstrate tau hyper-phosphorylation and abnormal deposition
in damaged muscular fibers in myotilinopathies and suggest the involvement of varied
kinases in this process. GSK-3af3 appears to be a cardinal kinase accompanied by
stress kinases SAPK/JNK-P and p38-P, linking the later previously described oxidative
stress with tau phosphorylation in sIBM and myofibrillar myopathies. On the basis of
these data, sIBM and myotilinopathies can be considered secondary tauopathies
affecting the skeletal muscle.

Key words: sporadic inclusion body myositis, myotilinopathy, desminopathy,
myofribillar myopathy, protein aggregate myopathy, tau, tau kinases
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Introduction

Protein aggregate myopathy (PAM) is a term that serves to define myopathies with
abnormal protein aggregates [15]. Sporadic inclusion body myositis (sIBM) is a
common sporadic inflammatory muscle disease in people older than 50 years which is
pathologically characterized by the accumulation of aberrant protein aggregates,
rimmed vacuoles, groups of atrophic fibres and focal lymphocyte infiltrates [2, 3, 8, 36].
Myofibrillar myopathies (MFM) are a clinically, pathologically and genetically
heterogeneous group of muscle disorders defined by focal dissolution of myofibrils,
accumulation of the products of myofibrillar degradation and ectopic expression of
multiple proteins forming intracellular protein aggregates [9, 13, 15, 32, 42, 43]. MFM
are caused by mutations in different genes, most of which encode proteins of the
sarcomeric Z-disc, including desmin [17, 18, 29, 37], aB-crystallin [46], myotilin [38,
44], ZASP [45], and filamin C [47]. In addition to the corresponding mutated protein,
protein aggregates in MFM are composed of several additional proteins of the Z-disc
and cytoskeleton, and dystrophin, chaperones, phospho-tau and p-amyloid, plectin,
gelsolin, cyclin-dependent kinases, clusterin, proteosomal subunits, ubiquitin, mutant
ubiquitin and p62 [9, 10, 12, 13, 33, 39, 43].

Microtubule-associated protein tau (MAPT) or tau protein is a major component of
neurons, but it is also found in other non-neuronal tissues including the skeletal muscle
[19]. Accumulation of tau protein in muscle disorders was first reported in vacuoles and
inclusions in sIBM [1]. Tau is also accumulated in regenerating fibres in
oculopharyngeal and Becker muscular dystrophy, dermatomyositis, central core
disease, and neurogenic atrophy, as well as in the recovery phase of an attack of
malignant hyperthermia [24]. The phosphorylation state of tau has been suggested as
the main difference between regenerating fibres and fibres with aberrant tau
accumulation [30]. Yet phosphorylated tau in sIBM is found in atrophic non-vacuolated
fibres, non-necrotic fibres in the vicinity of inflammatory cells, and fibres with rimmed
vacuoles [26]. Finally, tau also appears accumulated in autophagic vacuoles in rat
models of vacuolar myopathy induced by chloroquine [31]. Several kinases such as
cyclin-dependent kinase 5 (cdk5), extracellular signal-regulated kinase (MAPK/ERK)
and glycogen synthase kinase 3 (GSK3p) have been described as being involved in
tau phophorylation in sIBM [23, 34, 35, 48, 49]. Yet little is known about the
characteristics of tau phosphorylation in MFMs. Possible involvement of these kinases,
as well as of stress-activated protein kinase/Jun kinase (SAPK/JNK), p38, and protein
kinase B (AKT), has not been explored in MFMs.

The present study examines tau phosphorylation in myotilinopathies and

desminopathies, in comparison with sIBM to analyze commonalities and differences of
tau phosphorylation in these different types of PAM.
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Materials and methods

Patients and muscle biopsies

Muscular biopsy samples from seven controls, five sIBM, five desminopathies and six
myotilinopathies were used in the present study. A summary of cases is shown in
Table I.

Immunohistochemistry

Cryostat sections, 8 pm-thick, were fixed with acetone at -20°C for 10 min, incubated
with 1% hydrogen peroxide for 5 min followed by 3% horse normal serum for 2 h, and
then incubated overnight with one of the primary antibodies listed in Table II. After
washing, the sections were processed with LSAB+ System-HRP (Dako, Barcelona,
Spain) following the instructions of the manufacturer. The immunoreaction was
visualized as a dark blue precipitate using NH;NiSO,4 (0,05M) diluted in phosphate
buffer (0.1M) with 0.03% diaminobenzidine (DAB), 0.04% NH4Cl and 0.001% hydrogen
peroxide. Sections processed only with the secondary antibody were used as negative
controls.

Western blotting

50 mg of frozen muscle samples were homogenized with a manual glass homogenizer
in ice with 1 ml of homogenizer buffer (75mM Tris-HCI pH 6.8, 0.001% (w/v)
bromophenol blue, 15% (w/v) SDS, 20% (v/v) glycerol, 5% (v/v) B-mercaptoethanol)
and a mixture of protease inhibitors containing 1 mM phenylmethylsulfonylfluoride
(PMSF), 1 pg/ml pepstatin A, 10 pg/ml leupeptin, 10 pg/ml aprotinin. Total
homogenates were boiled at 94°C for 4 min and centrifuged at 9,500xg for 5 min.
Pellets were discarded, protein concentration of the resulting supernatant was
determined by RC DC protein Assay (Bio-Rad, Madrid, Spain) and aliquots were stored
at -80°C. For western blot studies, 30 ug of each sample was processed for sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (20 mA/gel) and then
transferred to nitrocellulose membranes (100 mA/gel overnight at 4°C) in a Trans-Blot
Cell Transfer System (Bio-rad). Membranes were stained with Ponceau Solution
(Sigma, Madrid, Spain) as a transfer quality control, and were immediately blocked with
5% skimmed milk TBS-T (100 mM Tris base, 1.4 M NaCl and 0.1% (v/v) Tween 20, pH
7.4) for 1 h at room temperature. Then the membranes were incubated with one of the
primary antibodies, as shown in Table Il, overnight at 4°C. Subsequently, the
membranes were washed with TBS-T and then incubated with the corresponding
secondary antibody labeled with horseradish peroxidase (Dako) at a dilution of 1:1,000
in the same buffer (TBS-T with 5% skimmed milk) for 45 min at room temperature.
After washing the membranes with TBS-T, protein bands were detected by the
chemiluminescence ECL method (Amersham Biosciences, Little Chalfont, UK). The
myosin band of 205 kDa stained with Coomassie Brilliant Blue R (Sigma) in the post-
transfer gel was used as a control of protein loading.The densitometric quantification of
western blot bands was carried out with TotalLab TL100 v2006 software, and the data
obtained were analyzed using Statgraphics Plus v5.1 software. Differences between
control and pathologic samples were considered significant when the p value in a t-
Student or Wilcoxon test was lower than 0.05 (*). All cases in Table | were processed
in triplicate; representative western blots currently included four controls and four
diseased cases.
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Cell culture

C2C12 myoblasts from C3H mouse strain (CRL 1772, ATCC, Rockville, USA) were
grown in Dulbecco’s modified Eagle’s medium (Gibco® Invitrogen, Barcelona, Spain)
containing 15% fetal bovine serum (Gibco® Invitrogen) and 1X GIBCO Penicillin-
Streptomycin liquid (Gibco® Invitrogen) at 37°C in a humidified atmosphere containing
5% CO,. To make cell lysates, cells were scrapped and resuspended in the same
homogenizer buffer used for tissue.

mRNA isolation and cDNA Synthesis

Total RNA was purified from frozen muscle biopsies using the RNeasy Fibrous Tissue
Mini kit (Qiagen, Madrid, Spain) following the instructions of the supplier. RNA integrity
was assessed using an Agilent Bioanalyzer 2100 (Agilent, Las Rozas, Spain). Then,
total RNA of each sample was reverse-transcribed to a single stranded cDNA using a
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Madrid, Spain).
Parallel reactions lacking MultiScribe Reverse Transcriptase were run as negative
controls. Cases analyzed are those shown in Table | with RIN values.

TaqMan probes and endogenous control

TagMan Gene Expression Assays (Applied Biosystems) to detect MAPT mRNA were
performed by using interrogated sequences NM_016834.3 (exon boundary 9-10),
NM_016835.3 (exon boundary 13-14), NM _016841.3 (exon boundary 8-9),
NM_001123066.2 (exon boundary 14-15), NM_001123067.2 (exon boundary 10-11),
and NM_005910.4 (exon boundary 11-12). The human pB-glucuronidase (GUS;
4333767) TagMan endogenous control was used to normalize MAPT expression
levels.

TagMan Real-Time Polymerase Chain Reaction

TagMan polymerase chain reaction (PCR) assays were performed in duplicate on
cDNA samples in a MicroAmp Optical 384-Well Reaction Plate sealed with MicroAmp
Optical Adhesive Film (Applied Biosystems). Each 20 ul PCR reaction was prepared
with 9 ul of cDNA (diluted 1/5 in all cases) mixed with 1 ul of 20X TagMan Gene
Expression Assay Mix and 10 ul of 2X TagMan Universal PCR Master Mix (Applied
Biosystems), as indicated by the manufacturer. Parallel reactions of all samples were
performed in duplicate using GUS endogenous control assay for data normalization.
Standard curves for each probe used in the study were obtained with serial dilutions of
a muscle control sample. The thermal cycler parameters were set up for 2 min at 50°C
(UNG activation), then 10 min at 95°C (enzyme activation), followed by 40 cycles at
95°C for 15 sec (denaturation) and 1 min at 60°C (annealing/extension). The
fluorescent PCR product was measured with an ABI PRISM 7900HT Fast Sequence
Detection System (Applied Biosystems), and the emerging data were captured with the
Sequence Detector Software (SDS, 1.9; Applied Biosystems).

Data processing and statistical analysis

Ct values for each sample were measured, and their equivalent amount of RNA was
interpolated from the standard curves. These values were normalized, and acquired
data were analyzed using Statgraphics Plus v5.1 software. Differences among control
and pathologic samples were analyzed with ANOVA, followed by LSD post-hoc test.
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Results
Immunohistochemistry

IBM: Increased tau immunoreactivity was observed in scattered muscle fibres, as
previously reported [1, 27]. Increased immunoreactivity was demonstrated by using
different anti-tau antibodies including those produced against phosphorylated tau, and
recognizing 3Rtau and 4R tau isoforms (Fig. 1). Although not represented in these
images, phospho-tau was found in in atrophic fibers, in about 60% of fibers with
rimmed vacuoles, and in non-vacuolated fibers with cytoplasmic protein aggregates in
the same way as previously reported [27, 28].

Increased immunoreactivity for active kinases SAPK/JNK-P, MAPK/ERK-P, p38-P and
AKT-P, and active and inactive GSK-3Tyr and GSK-33Ser9, was also found in the
same fibers that accumulate tau (Fig. 1 and 2).

Myotilinopathies: Increased tau immunoreactivity was diffusely present in groups of
small fibers, as well as in scattered muscle fibres with abnormal aggregates either
located at the periphery or forming central and irregular clumps. Tau deposits were
stained with antibodies against 3Rtau and 4Rtau, as well as with the phosphospecific
anti-tau antibodies P-tau Thr181, Ser396, Ser 422, and with the monoclonal antibody
AT8, and the conformation-dependent Alz50 (Fig. 3).

Increased immunoreactivity to active kinases AKT-P, MAPK/ERK-P, SAPK/JNK-P and
p38-P, as well as GSK-3pTyr and GSK-33Ser9, was also observed in abnormal muscle
fibers containing abnormal protein aggregates (Fig. 4).

Desminopathies: In contrast to sIBM and myotilinopathies, accumulation of 3Rtau,
4Rtau and phospho-tau was very discrete and restricted to very small diffuse amounts
in scattered fibres in most cases. Yet increased tau immunoreactivity was present in
some cases (Fig. 5). Increased immunoreactivity for tau kinases was barely discernible
in tissue sections (data not shown).

Western blotting

Antibodies to PHF1 showed a band of about 120 kDa in control and diseased cases. A
band of slightly lower molecular weight was detected in C2C12 cells run in parallel. In
addition to the big tau, several bands of lower molecular weight, some of them between
60 and 70 kDa, and others of about 40 kDa, were detected after long exposure (Fig. 6).
Densitometric studies revealed significantly increased levels of the big tau in sIBM
when compared with controls (t-Student or Wilcoxon test, p < 0.05). Increased
expression levels were seen in two cases with myotilinopathy but not in the other two
when compared with controls. Differences were not significant between controls and
myotilinopathies as a group (Fig. 6). Expression levels of PHF1 in desminopathies
were variable from one case to another; but total expression levels were not
significantly different from those found in controls (Fig. 6).

Antibodies to GSK-3a/p showed two bands of 51 kDa and 47 kDa corresponding to o
and B, respectively, in control and diseased samples. Increased expression of GSK-
3a/p was found in sIBM, myotilinopathy and desminopathy cases when compared with
controls. Densitometric studies of all cases revealed significant differences (t-Student
or Wilcoxon test, p < 0.05) of the band corresponding to GSK-3a but not of GSK-3p3
between control and sIBM and myotilinopathy. No significant differences were seen
between controls and desminopathies.
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MAPT mRNA expression levels

MAPT mRNA expression was detected in all cases analysed in this study including
controls, sIBM, myotilinopathies and desminopathies. No significant differences were
seen between control and diseased cases when MAPT values were normalized with

GUS (data not shown).
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Discussion

PHF1 antibody recognizes a protein of about 120 kDa in total homogenates of skeletal
muscle biopsies in the present series. The molecular weight of this isoform correlates
with that previously described as big tau in the peripheral nervous system [7, 16]. Big
tau is generated as a result of alternative splicing from the same gene that encodes
other tau isoforms. The protein has the same sequence as the longest known tau
isoform in the central nervous system with an additional 254 amino acid insert in the
amino terminal half [16]. High molecular tau in skeletal muscle was first described in
dermatomyositis and central core disease, and in the recovery phase of an attack of
malignant hyperthermia [24]. A doublet of 60-62 kDa was previously reported in sIBM
cases [26]. Other bands between 60 and 70 kDa, as well as bands of lower molecular
weight were also recognized with the PHF1 antibody in the skeletal muscle in the
present series of sIBM and myotilinopathy cases. It is known that the epitope
recognized by the PHF1 antibody corresponds to amino acids 404-441 of human tau
and also comprising the phospho-epitope Ser 396/404 [25, 40]. Thus, the
phosphorylation of this site appears to be an event involved in the normal function of
this tau isoform in skeletal muscle. The detection of the band of 120 kDa and the lower
bands between 60 and 70 kDa in control and diseased cases does not support the
concept of a pattern specific to a particular pathology. The difference between control
and pathological cases is quantitatitive rather than qualitative. The expression of PHF1
is significantly increased in sIBM when compared with controls, and markedly
increased in some biopsies of myotilinopathy.

Tau deposition and increased tau phosphorylation in sIBM was reported many years
ago [1] and was clearly characterized by using several antibodies in optical and
immunoelectronmicroscopical sections [27]. More recent immunohistochemical studies
evidenced tau phosphorylation in MFMs as well [10, 13]. A recent study has suggested
that immunostaining of tau in sIBM, as recognized by antibodies tau-5, pS422, and
SMI-31, is not specific, as these antibodies stain myonuclei and proteins other than tau
[41]. However, the present findings further support tau accumulation and focal
deposition of phospho-tau in sIBM and certain MFMs. Myotilinopathies have a similar
pattern of tau phosphorylation and tau deposition when compared with sIBM. Deposits
of tau isoforms recognized with antibodies against 3R and 4R are found equally in
sIBM and myotilinopathy. Furthermore, phospho-specific antibodies against Thr181,
Ser396 and Ser422, as well as antibodies AT8 (recognizing phosphorylation sites
Ser202 and Thr205) and AIz50 (conformation-dependent) [4], facilitate the
immunodetection of aberrant tau accumulation in the form of diffuse deposits in small
fibers, peripheral aggregates in muscle fibres, and central deposits. Although not
always accompanied by increased total levels on western blots (data not shown), the
focal positivity for different antibodies raised against different phosphorylated and non-
phosphorylated tau epitopes is a robust confirmation of aberrant tau deposition in sIBM
and myotilinopathies. In contrast, only small amounts of abnormal tau are seen in
desminopathies, thus further supporting the different pathology and pathogenesis of
desminopathy when compared with myotilinopathy [5, 13, 14, 38, 39].

Several kinases have the capacity to phosphorylate tau in vitro and in vivo. MAPK/ERK
and GSK-3B, among others, have been described as being involved in tau
phophorylation in sIBM [23, 34, 35, 48, 49]. The present immunohistochemical data
support the suggested involvement of AKT, MAPK/ERK and GSK-3 in tau
phosphorylation in sIBM and myotilinopathies as well. In addition, phosphorylated
stress kinases SAPK/JNK and p38 are also accumulated in fibres with abnormal tau
phosphorylation. Whether these kinases activate tau phosphorylation, or are merely
sequestered by abnormal protein aggregates in myotilinopathy, can not be resolved on
the basis of the present biopsy series. However, the demonstration of oxidative stress
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and oxidative cell damage in MFMs [13, 21, 22] puts forward a link among oxidative
stress, activation of stress kinases and tau phosphorylation.

The consequences of hyper-tau phosphorylation in sIBM and myotilinopathy can only
be hypothesized on the basis of the few available data. As in other cell types,
microtubules in skeletal muscle are probably implicated in muscle differentiation,
morphology and contractile activity [6]. This process is modulated by interaction with
several proteins including microtubule-associated proteins of high molecular weight,
tau and muscle specific proteins such as members of the RING finger (MURF) family,
specifically MURF-2 and MURF-3 [28]. Regarding myotilinopathies, cellular models are
probably needed to elucidate the interactions of all these components under normal
conditions and in muscle cells bearing mutant myotilin.

Finally, the term tauopathy is currently used to name degenerative diseases of the
nervous system with abnormal hyper-phosphorylated tau aggregates such as
Alzheimer disease, progressive supranuclear palsy, corticobasal degeneration,
argyrophilic grain disease, Pick disease and frontotemporal lobe degeneration linked to
mutations in MAPT gene, among others, in all of which specific kinases play pivotal
roles in tau hyper-phosphorylation [11, 20]. sIBM and myotilinopathies can be properly
considered secondary tauopathies because of the accumulation of hyper-
phosphorylated tau in association with abnormal protein aggregates.
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Table I. Summary of the cases. RIN: RNA quality number. DES: demin gene; MYOT:
myotilin gene.

Age Mutation RIN
Controls
1 70 - -
2 64 - 9.7
3 68 - 9.5
4 29 - 9.3
5 52 - 9.5
6 36 - 9.1
7 77 - 8.8
sIBM
8 61 - 7
9 79 - -
10 62 - 6.9
11 66 - 6.9
12 58 - 7.7
Desminopathies
13 41 DES Pro419Ser 9.2
14 27 |DES Arg406Trp 9.3
15 55 |DES Leu392Pro 9.4
16 28 | DES lle367Phe -
17 22 | DES Arg406Trp 7.2
Myotilinopathies
18 53 MYOT Ser55Phe -
19 52 MYOT Ser60Cys 9.2
20 49 MYOT Ser55Phe 9.1
21 78 MYOT Ser60Phe 9.5
22 81 MYOT Lys36Glu 9.6
23 69 MYOT Ser60Cys 9.6

183



Table Il. Antibodies used in the present study. WB: dilutions used in western blots;
IHQ: dilutions used in immunohistochemistry. P: polyclonal; M: monoclonal

Antibody Type |Species | Manufacturer | WB IHQ City, Country
Phospho-tau Thr181 P rabbit Calbiochem - 1:250 | San Diego, USA
Phospho-tau Ser396 |P rabbit Biosource - 1:100 | Nivelles, Belgium
Phospho-tau Ser422 |P rabbit Calbiochem - 1:50 San Diego, USA
. . Albert Einstein
PHF1 M mouse | Davies P 1:500 - College, NY, USA
. ) Albert Einstein
Alz50 M mouse | Davies P - 1:100 College, NY, USA
Upstate,
3Rtau M mouse | Millipore - 1:200 |Billerica, USA
Corporation
Upstate,
4Rtau M mouse | Millipore - 1:25 Billerica, USA
Corporation
AT8 M mouse | Pierce - 1:50 Rockford, USA
Phospho-MAPK
1/2Thr 202/Tyr 204 . . ) .
(MAPK/ERK-P) M mouse | Calbiochem 1:100 1:10 San Diego, USA
Phospho-
SAPK/INK Thr183/ . . . . )
Tyr185 (SAPK/JNK-P) P rabbit Cell Signaling | 1:100 1:10 Danvers, USA
Phospho-p38 Thr180/
Tyr182 (p38-P) P rabbit Cell Signaling | 1:250 1:25 Danvers, USA
Phospho Akt . . . . )
Thr308 (Akt-P) P rabbit Cell Signaling | 1:100 1:25 Danvers, USA
GSK-3a/ M mouse | Stressgen 1:500 1:50 | Ann Arbor, USA
Phospho-GSK-3f3 . . ) . .
Ser9 (GSK-3BSer9) P rabbit Calbiochem 1:250 1:200 |San Diego, USA
Phospho-GSK-3f3 . ) . Heidelberg,
Tyr216 (GSK-38Tyr) P rabbit Santa Cruz 1:250 Germany
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Figure legends

Figure 1: sIBM. Serial sections showing muscle fibres immunostained with the
following antibodies, A: SAPK/JNK-P; B: MAPK/ERK-P; C: GSK-3pSer9; D: GSK-
3pTyr; E: AT8; F: Alz50; G: P-tau Ser422; H: 4Rtau; and I: 3Rtau. Cryostat sections
without counterstaining. x200

Figure 2: sIBMA. Positive fibers immunoreactive for A: AKT-P; B: MAPK/ERK-P; C:
p38-P; D: SAPK/JNK-P; E: GSK-3pSer9; F: GSK-3pTyr. Cryostat sections without
counterstaining. x200

Figure 3: Myotilinopathies. Positive fibers immunoreactive for A: 3Rtau; B: 4Rtau; C:
P-tau Thr181; D: Alz50; E: P-tau Ser422; F: AT8; G: 3Rtau; H: P-tau Ser396; I: P-tau-
Thr181. A-F, correspond to one case; G-l: correspond to another case. Cryostat
sections without counterstaining. x200

Figure 4: Myotilinopathy. Positive fibers immunoreactive for A: AKT-P: B: MAPK/ERK-
P; C: SAPK/JNK-P; D: p38-P; E: GSK-3pTyr; F: GSK-3pSer9. Cryostat sections without
counterstaining. x200

Figure 5: Desminopathy. Rare immunoreactive fibers are immunostained with
antibodies A: 3Rtau; B: 4Rtau. Cryostat sections without counterstaining. x200

Figure 6: Representative gel electrophoresis and western blotting of total
homogenates of controls, sIBM, myotilinopathy and desminopathy cases run in parallel
with C2C12 cells of muscular origin using the PHF1 antibody. Two exposure times are
shown in every case. A band of about 120 kDa is observed in control and diseased
cases. A band of slightly lower molecular weight is also present in C2C12 cells (arrow)
after longer exposure of the membranes. In addition, other bands of molecular weight
between 60 and 70 kDa are observed in all muscle samples. Therefore, this pattern
appears not to be disease-dependent. However, increased immunoreactivity of the
bands is found in certrain sIBM cases, and especially in two cases with myotilinopathy.
The myosin band of 205 kDa stained with Coomassie Brilliant Blue R in the post-
transfer gel was used as a control of protein loading. Densitometric studies of all cases
(7 controls, 5 sIBM, 5 desminopathies and 6 myaotilinopathies) revealed significantly
increased levels of the big tau in sIBM when compared with controls (t-Student or
Wilcoxon test, p < 0.05) but not in myotilinopathies (considered as a group) due to
individual variations.

Figure 7: Representative gel electrophoresis and western blotting of total
homogenates of controls, sIBM, myotilinopathy and desminopathy cases using the
GSK-3a/B antibody. Increased expression is found in sIBM, myotilinopathy and
desminopathy cases when compared with controls. Comparison between pathologic
cases and corresponding controls was carried out in samples run in parallel. The
myosin band of 205 kDa stained with Coomassie Brilliant Blue R in the post-transfer
gel was used as a control of protein loading. Densitometric study of the o band
revealed significant differences (t-Student or Wilcoxon test, p < 0.05) between control
and sIBM and myotilinopathy. Yet no significant differences were seen between control
and desminopathy cases.
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Fig. 1
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Resultats annexos

7.6 Immunohistoquimica de la 14-3-3 a les MFM

Fig 6. Immunohistoquimica de la 14-3-3 a un cas de miotilinopatia (A) i un altre de
desminopatia (B). Si es comparen amb els resultats obtinguts amb els anticossos de la
GSK3p de larticle presentat a I'apartat de resultats annexos anterior, es pot observar que
aquesta xaperona també s’acumula a les mateixes fibres on ho fa aquest enzim. Els materials i
meétodes corresponents a aquesta figura son els mateixos que es troben descrits al article
presentat a I'apartat de resultats annexos d’aquesta tesi (7.5). L’anticos de la 14-3-3 utilitzat en
aquesta tecnica correspon a un anticos policlonal de la casa Abcam utilitzat a una concentracié
de 1:100.
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Agraiments

lll. Agraiments
Doncs finalment ha arribat el moment d’escriure les ultimes paraules d’aquesta tesi
que ha costat una mica de parir, pero és que després de tres anys frenétics, parar
una mica per reflexionar i endrecar les idees resulta inevitable. | com que amb les
presses d’avui en dia no tenim massa ocasions de donar les gracies a les
persones que ajuden o fan possible que arribin aquests moments, aprofitaré

aquest ara que puc.

Primer de tot és imprescindible dir que I'elaboracié d’aquesta tesi no hauria estat
possible si el Dr. Isidre Ferrer no m’hagués donat 'oportunitat de treballar al seu
grup, i en especial a I'lnstitut de Neuropatologia (INP) de I'Hospital Universitari de
Bellvitge (HUB). Tampoc hauria estat possible sense el treball en equip realitzat
amb el grup de malalties musculars de I'Institut de Neuropatologia (INP) format per
la Dra. Montserrat Olivé i la técnica de laboratori Dolores Moreno, que m’han
ensenyat tot el que sé sobre les miopaties miofibril-lars i la manera de treballar amb
el teixit muscular esquelétic. Gracies Montse per les estones passades al
microscopi multicapgal i gracies Loli per ensenyar-me a treballar amb ordre i bones

mans.

També cal destacar la col-laboracié amb el grup de protedmica del Parc Cientific
de Barcelona, que han fet tota la feina d’identificacié de les proteines mitjancant
'espectrometria de masses, i que també ens han ajudat sempre a I'hora

d’interpretar-ne els resultats.

Tampoc no hauria estat possible si no fés per totes les preguntes que pacientment
m’han intentat respondre tots els meus companys i companyes. Com ['Agusti, el
meu bon company de “poyata”, o com es digui, el ratoli que em vas regalar encara
m’acompanya. La Meri de qui vaig heretar el lloc a la “poyata”. La Judith amb el
seu riure tan contagios o la Lourdes amb els seus bons consells. | després la Rosi
amb la seva energia imparable o la Susana sempre tan enfeinada. | tota la tropa
del 4141 amb qui també he pogut treballar colze a colze. Les post-docs com la
Dalf6, la Berta que em va donar un cop de ma amb els gels bidimensionals, la
Marta Barrachina que ho va fer amb el RNA i les real time, la Marta Martinez amb
les cél-lules C2C12 i la Beatrice que sempre pregunta com et va. També la Marga
amb la seva santa paciéncia i els altres técnics, en Jesus i en Salva, que si cal
també et donen un cop de ma. La Nuria per fer-me un lloc al seu costat i en Benja

amb el seu suport al confocal.
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Agraiments

I com no, tots els altres becaris i becaries com la Laia, les altres Annes (Gomez i
Martinez), la Sandra, 'Esther P, en Guido, en Gerard i en Gabriel amb qui em fet
pinya tan dins com a fora del laboratori, a les calgotades, trasllats, sopars o
excursions, ja sigui al Montseny, al Matarranya o al Canigé. | un bis per a en
Gabriel per la seva ajuda inestimable amb la tau. | els i les noves, Gema, Anton i

Esther sento no haver-vos pogut conéixer millor.

Finalment tampoc no ho hauria aconseguit sense I'ajuda dels meus pares, que
sempre hi sén tan si els necessito com si no, gracies pel suport d’aquest ultim any.
| també la meva germana sempre amb un somriure a la cara, aix0 si que és un
exemple a seguir. | sobretot a les meves incansables amigues, Fornells, LIimoés,
Bruna i Melo, que ja fa molt temps que fem el cami juntes i és un plaer. | els amics
també incansables, Carlos, Txaume, Sergi i Victor a qui no cansen ni les cerveses

ni les partides al billar.

| a les de la uni, les “biolocas”, per sopars inacabables i viatgets. Un especial a la
Miris, que mentre intercanviavem anims, una per comencar la tesi i l'altre per
acabar-la, també compartiem hores de biblioteca a I'estiu o caps de setmana a la
muntanya. | també a la Laia, I'Ada i 'Alfons per I'expedicié a Cadiz. | també a la
Joana per embolicar-me amb el projecte de la cooperativa, i a tots els de la
Karabassa que gairebé fara un any que em senten parlar de la tesi entre verdures
ecologiques. | per acabar, gracies als companys de ball, sobretot a I'Alba i a en

Pere, per ajudar-me a desfogar els nervis a ritme de swing.

En resum, gracies a tots.
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