Universitat
de Barcelona

Aplicacion de técnicas de
proteémica para el estudio de
enfermedades neuromusculares

Carolina De La Torre Gomez

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a I'acceptacié de les seglients condicions d'Us: La difusié
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) ha estat autoritzada pels titulars dels drets de propietat intel-lectual
unicament per a usos privats emmarcats en activitats d’investigacié i docéncia. No s’autoritza la seva reproduccié amb
finalitats de lucre ni la seva difusi6 i posada a disposicié des d’'un lloc alié al servei TDX. No s’autoritza la presentaci6 del
seu contingut en una finestra o marc ali€ a TDX (framing). Aquesta reserva de drets afecta tant al resum de presentacioé
de la tesi com als seus continguts. En la utilitzacié o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacion de las siguientes condiciones de uso: La
difusién de esta tesis por medio del servicio TDR (www.tdx.cat) ha sido autorizada por los titulares de los derechos de
propiedad intelectual Unicamente para usos privados enmarcados en actividades de investigacion y docencia. No se
autoriza su reproduccion con finalidades de lucro ni su difusion y puesta a disposicion desde un sitio ajeno al servicio
TDR. No se autoriza la presentacién de su contenido en una ventana o marco ajeno a TDR (framing). Esta reserva de
derechos afecta tanto al resumen de presentacién de la tesis como a sus contenidos. En la utilizacién o cita de partes de
la tesis es obligado indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions: Spreading this thesis by the
TDX (www.tdx.cat) service has been authorized by the titular of the intellectual property rights only for private uses placed
in investigation and teaching activities. Reproduction with lucrative aims is not authorized neither its spreading and
availability from a site foreign to the TDX service. Introducing its content in a window or frame foreign to the TDX service is
not authorized (framing). This rights affect to the presentation summary of the thesis as well as to its contents. In the using
or citation of parts of the thesis it's obliged to indicate the name of the author.




APLICACION DE TECNICAS DE
PROTEOMICA PARA EL ESTUDIO DE
ENFERMEDADES NEUROMUSCULARES

Carolina De La Torre Gomez

Tesis Doctoral






HOSPITAL DE LA
SANTA CREU 1 ; .
SANT PAU l==m=l]  UNIVERSITAT DE BARCELONA

UNIVERSITAT AUTONOMA DE BARCELOMA )

APLICACIONES DE TECNICAS DE PROTEOMICA PARA EL ESTUDIO DE
ENFERMEDADES NEUROMUSCULARES

Memoria presentada por Carolina De La Torre Gémez

Para optar al grado de Doctora en Inmunologia en la Universitat de Barcelona.

Tesis realizada en el Servicio de Neurologia y en el Laboratorio de Neurologia
Experimental del Institut de Recerca del Hospital de la Santa Creu i Sant Pau.

Dirigida por el Dr. Eduard Gallardo Vigo

Tesis adscrita al Departamento de Inmunologia de la Facultad de Biologia, Universitat de

Barcelona.

Programa de Inmunologia, biennio 2002-2004.

Dr. Eduard Gallardo Dr. Jorge Lloberas

Director de Tesis Tutor de Tesis

Carolina De La Torre Gémez

Doctoranda






"Puedes ser solamente una persona para el mundo, pero para una persona tu
eres el mundo."”

Gabriel Garcia Marquez

A mi Familia por ayudarme en el logro de mis objetivos
A mis hermanas por ser incondicionales, A Christian por el apoyo en los

momentos mas dificiles y especialmente a mi hijo Matthias






1. INDICE

INDICE.......iiiiiiiiiunnntetteeiiiiiiiisnesetteeeeeteessssssssssteeeetesisssssssssssssteeesesssesssssssssesteessesssssssssssssssssnnnees 7
AGRADECIMIENTOS.......iteuiiiiieiiiiiiiaeiiiniiiasistsstrsesisrasssssassstesesssssssssssssssasssssssssssasssssnsssssasses 11
RESUIMEN......ciiitiuiiiiiiiinniiiiiiisniiiiiiienssssistimsssssistimsssssssstmrsssssssssesnssssssssssssssssssssssssssssssnnssssssssssss 13
INTRODUCION.......ceueeeeneeneseeasesenenessensasesssssesesesesessesssssssasssssssnssessssssassssssssnesestsssasassssssnsessene 15
PROTEOMICA ...utetiiteitenteettsie ettt sttt et s b s bt st et e st s bt e bt e st e e e e bt e bt eh e e b e sb e ebeeb b et e sb e abeebben b e st e abeeneenee beennen 15
DeSAfiOS A G PrOt@OMUCT. ......cc.uvvveeeeiiieeseiiieeeeeiee e esit e e e sttt aeeesteaeessstteassssstsaasssssssesssssseseeasnnns 16
ODbjetivos de [0 ProtE@OMICQ .........ccceeuveieesciiiieeeeciieeeeesiitteeeesiitt e e sttt e s sate e s esttseessstseaessstseaensssasnes 17
Sistemas de control de COlidQd. ............c.ooovueemouieeiiieeiieeet ettt te e tee et 18
TECNOLOGIAS DE LA PROTEOMICA. ...cceeuurteeeeititeeesutteeee sttt e sebbteeesaubaeeeesnbeeeeeaasbeeeeasbbeeesanbbbeessnbeeeesaanraeenan 21
Metodologia Para el Fraccionamiento de ProteiNGsS.............ccccuueeeveiuuveeesiierseeiiiessesiiiesessisesassninns 21
MELodOos de FIraCCIONAMUENTO .........ccccueeeiieieiie ettt ettt tee e e s 22
Fraccionamiento SUDCEIUIAE ..........cciiveievetiiictetetcee ettt ettt bbbttt b s e an b beseas s abenan 22
Electroforesis bidiMENSIONEL ........cccvvrieieieiririeeiiese ettt ettt et sese e se s s e sese e ssesessesesesesesesas 23
Adquisicidn de la imagen y analisis de geles bidimensionales...........ccocuveeveeiviieccie e 25
CromMatografia LIGUITE ......c.ceeveuirieriiieeiiteeeteeeet ettt ettt ettt b et ete s ete et eseebessese st eseasbessesesseneesessesesens 25
ESPECTROMETRIA DE IMASAS ... eiuttiteeeeuttteeesaiittee e sttt te s ettt eessasbaeeesaabbeeeeeaabe e eesaanbaeeesbbeaeesaanbeeeeennbaeeesannnaeas 27
LYo T=lot ge a gl a o R (=3 oL Yo USSRt 28
FUENTES A IONIZACION ..c.vveveeiriiitetetieiistetetesest st etete e stesesese s s seseses e s esesesas et sesesese s esesesenes shesesasesesesesessasas 29

LY A I PSP PRROTRNE 29

ESI ettt tet ettt ettt s es s e A a R AR £ ke R e b e b A eSS e A E £ £ e AR £AeR SR SRR A e A A ek e b e b e bt s bt st sttt eneeaenean 29
ANGlIZAAOTES HE MASAS ...vvvveveeiriieterisieteteeesie st teseesessesesesessetesese e seseseessesesesensssesesesessesesasessaseasesesenersssesasens 31
Cuadrupolo (QUAATUPOIE, Q) ..veveriieeieeeeietee et ete ettt et et et e et e e et eseete s eteesesessensesessetenseseesesaeeressasesnan 31

Tiempo de vuelo (time of FlIGht, TOF) .....c.oicieuiieeeeeeeeeeee ettt et ee et st eneeae seteaserenns 32

Trampa iO0NICA (I0N TP, IT) eiuiereeieeeeeeteeereeeete ettt et e ettt e et seete e et et et e s ebe st eseetessetessetenseses ssesenessensarenes 33

(014 Y1 {1 TSRO 33

DELECTON @ MASAS ..vevveveveeirereeretesisestesesesesesseseseessesesesesessesesesesssesesesessesesasessssesesensssesesesenss stesesensssesesesssssseses 34
Estrategias para la identificacion de Proteinas ...........ccccccceuveeeeeieeeeeeeeecccciiieeeeeae e e eseecccraeeeaaaaeas 35

a) Huella peptidica (peptide mass fiNGErPrint, PIMIF)........ccvoeeveeeueeeteerereeeeeeteeeeteeeeeestereeveeereesesssnensesseseevens 35

b) Espectrometria de masas en tandem (MS/IVIS) ......ceveuirieirieuiiieisieesee et e st e s s sasaese s sean 36
Estrategias de Cuantificacion Basadas en Espectrometria de masas...........c.cccvveeeeecveeessiveeeesnnen. 37
APLICACIONES DE LA PROTEOMICA EN BIOMEDICINA .....cceutteiautieetieeniteeeieeesiteesteeeireesateesneeesaneesanneesmneesnneeeane 41
1dentificacion de BiOMAICAUOIES. .............cccveeeeeeivieeeeiieeeeeeeseeeeesisseseeeitseesesssaeaeesssessessssesesasennes 41
Deteccion de Biomarcadores mediante técnicas de inmunoproteomica...........cc.eeeeevveeeevvvvveeennnn. 42

Flujo de trabajo en protedmica: “Work FIOW”. ............ccceeeeuiieiiieeie et 44



PROTEOMICA CLINICA ...ttt et et e e e e e e e e e e e e e e e e e e e et e atete bt e e eaeeeaaaaaaaaseseesessssssssananannnnaasaeaaaaaaaaees 47

Enfermedades NeUrOMUSCUIAIES ............ccccuveeeeeiiiieeesiiiieeeessiseseesisteeessssaessssssesesssssesaesssssnsesssseees 47

Neuropatias adquiridas AiSINMUNES ..........c.ciiiveeeriireeeieeeretete ettt s ettt beae et seebe s ebe st esssssesessereasens 48

Distrofias musculares.....

LGIMID2A ..ottt ettt ettt e e ettt e e s et e e e e a bt e e e e bt e e e e e ab e e e e e e b b bae e e e baeeeeeaae seabeeeeeenabreeeennnn
DISTEITINOPALIAS vvveviuvetiteeeet ettt ettt ettt et b et et et et s ete b eseebessebe s esesseseasbessesesseneebenseransan 51
Distrofia facioescapulohumeral (FSHD) .....cc.coouieiiiiirieiee ettt sttt s e 52
Inflamacion en las diStrofias MUSCUIAIES. ..........civveiiieiieeeictetet ettt a e ebe e eae s e rens 53
ESCIEIOMIXEURIMA ..ottt ettt ettt ettt et et e et e s beeteebeeteebeeaeeaeeteessessensess e b eseetebees st essessesenseeteeseares 53
PROTEOMICA EN LAS ENFERMEDADES NEUROMUSCULARES .....uvveeeiurreeeestrreeessrseesssssseeessssssesssssssssessnnsseesssnnees 55
Proteoma el MIUSCUIO .........oeeeveuieieeesiiiieeesiit et ee ettt e sttt e st e s e st aeesstteaessssssaasssssneseasanas 55
Estudio protedmico de las modificaciones postrasducionales en el musculo esquelético. ........ccceevennen. 58
Perfil Proteémico Mitocondrial en el MUSCUlO ESQUEIETICO ....ccueeviiiiriiiniieniieieeieeieeee s 59
Antecedentes de la protedmica en Enfermedades Neuromusculares ............cccceeeevvereeeciveeeseinnnnn. 59
Andlisis protedmico en 1as DiSferliNOPAtIaS........ccvcverieririeirieriiteisteeetee sttt ettt ss e bese b e sressesarens 60
Andlisis protedmico en 1a distrofia A& FSH ......ooviieveiriiiiteeeteeteee ettt ettt et eaeetene s e erenserenns 61
5. OBJETIVOS ... iiiiiiiiiiiiieiieiieeieicrattssttstsssessssesssssssasssasssssssssesasssasssssssnsesasssssssnssssssssssassasesans 63
6. INFORME DEL DIRECTOR DE TESIS DEL FACTOR DE IMPACTO DE LOS ARTiICULOS PUBLICADOS ....65
7. DISCUSION DE RESULTADOS ......coveeuereerersrssressessesssessessesssessessesssessessssssessessssssessssssessessssssessene 67
RESUMEN DE RESULTADOS ...ttt teutvreeesuereeeesstesesassssesesssssessssssssesssassesesassssessssssssssssnssssessssssnsessssssesssnssnens 67
Articulo I: “Steady Remission of Scleromyxedema Three Years After Autologous Stem Cell .......... 67
Transplantation: An In Vivo and In Vitro Study”. Blood 2006 (108): 773-774 ....ccveeeveevvuveeirraannnn 67
Articulo Il: “Chronic sensorimotor polyradiculopathy with antibodies to P2: an electrophysiological

and immunoproteomic analysis”. Muscle And Nerve 2008 38(1):933-8 ......cccccevveeveueevcuvneinnans 73
DISCUSION @ITICUID 2 1.vvieveiierieieteieteet ettt ettt ettt ebesbese e b ese b e s eb e s ese b essebessebessese sebessessaseseesensesenes 75

Articulo Ill: “Proteomics Identification of Differentially Expressed Proteins in the Muscle of
Dysferlin Myopathy Patients”. Proteomics Clinical Applications 2008 38(1):933-8.................. 81
DISCUSION @rtICUIO 3 ..euiiiiieiiiieeie ettt ettt ettt et eete e beetaestbeste e beeebeebeeaseaesaesasesssenssens srsesssesseesteesseensenn 84
8. DISCUSION GLOBAL....ccovrverererseressssesesntsessssesessssssssssesesssssssssssessssssssssssessssssssssssssesssssssssesess 93
9. CONCLUSIONES ......cccoevmrememnnnnnnnnnnsssississsisinssiinienismsessasesssssssssssssssssssssssssssssssssnsnsnsssssssssssnssssss 95
10.  REFERENCIAS ....cooviiiiiiiiiiiiinnnnrteseiesiesisssssssssssesssssssssssssssssssssssssssssssssssnnsassssssssssssssssssssessanses 97
11, PUBLICACIONES .....ccoctiiiiiiiiinnnnnnntesisissesssssssnsssssessssssssssssssnsssessssssssssssssssssnsassssssssssssssnsnsasesss 115

STEADY REMISSION OF SCLEROMYXEDEMA 3 YEARS AFTER AUTOLOGOUS STEM CELL TRANSPLANTATION: AN IN VIVO

AND IN VITRO STUDY 1.uueettttuneeeresuuneeeesssunneeessssnneeesessnneessssnnneeessssnnaesessssnneesssssnnseessssnnseesssssnneeessssnneees 115



CHRONIC SENSORIMOTOR POLYRADICULOPATHY WITH ANTIBODIES TO P2: AN

ELECTROPHYSIOLOGICAL AND IMMUNOPROTEOMIC ANALYSIS ...ueiieiiiieeeeece e eeeeeeeeans 119
PROTEOMICS IDENTIFICATION OF DIFFERENTIALLY EXPRESSED PROTEINS IN THE MUSCLE OF DYSFERLIN MYOPATHY PATIENTS.....cvuvveersessennes 127
B2, ANEXO cuceuieuiienirenerencrencteectencrascesscenserasessssensssssessssssssssssssssssssssssssssasssssssssssssesssssnsssnsessssnsennsenns 143
METODOS NO INCLUIDOS EN LOS ARTICULOS 1vvvvvveeeeeeeeeeeiuurrrseeereeeeeseseesssrseseessesesesemsssssssssssssesesesamsssssssssesees 143

FE DE ERRATA ..t tieutttttreeeeeeeeeseeaaetastseaeeeaeeeeesaaaastssssaseeaaeeeesaaaassssssssaeesaeseesasasssssssaaeseaseeassannssssrnes saeeeeens 144

OTROS ARTICULOS PUBLICADOS DURANTE LA ESTANCIA PREDOCTORAL EN EL HOSPITAL DE SANT PAU, LABORATORIO DE
NEUROLOGIA EXPERIMENTAL. ..vvvvvrrrtuuuutnnneeaeeeeeeeeaeeeesesssssssssssssssnsnnaaaaaessesesssesessessssssssssssssnnnsseeseeeeeeseeeees 145
ABSENCE OF DYSFERLIN ALTERS MYOGENIN EXPRESSION AND DELAYS HUMAN MUSCLE DIFFERENTIATION “IN VITRO”
GENE EXPRESSION PROFILING IN LIMB-GIRDLE MUSCULAR DYSTROPHY 2A ...cceeiieieiiiiiiiieeee e e e e eeeeevnnveneeee e e e 154

HUMAN APOLIPOPROTEIN A-II DETERMINES PLASMA TRIGLYCERIDES BY REGULATING LIPOPROTEIN LIPASE ACTIVITY AND

HIGH-DENSITY LIPOPROTEIN PROTEOME ...vvvvvreeeeeeeeeeeeiiuurrreeeeeeeeeeeeeneissssssesesseseesemssisssssssesssseesesmmssssssssseeens 171






2. AGRADECIMIENTOS

Quisiera mostrar en estas lineas mi agradecimiento a todas las personas que han hecho
posible la realizacion de esta Tesis Doctoral, comenzando por mi director de Tesis, el
Dr. Eduard Gallardo, quien para mi es un verdadero amigo, gracias a su constante apoyo
y dedicacion en el desarrollo de este trabajo. A mis compafieros, en especial a Noemi de
Luna por su apoyo en algunos momentos que fueron necesarios y por su generosidad al
proporcionarme el primer modelo en el que basarme para comenzar a redactar esta
Tesis, y a todos los compafieros que forman parte del laboratorio de Enfermedades
Neuromusculares del Hospital de Sant Pau y particularmente destacar a la Dra Illa por

aceptar que pudiera realizar este trabajo en su laboratorio.

Especialmente quiero agradecer a la Dra. Eliandre Oliveira (PCB), por su ayuda y
colaboracion en momentos puntuales del desarrollo de este trabajo experimental, a
Maisa Garcia, Gracias por aguantarme, por facilitarme los reactivos y equipos cuando
los necesite. Del mismo modo, me gustaria expresar mi gratitud a los servicios de
protedmica (Parc Cientific de Barcelona, Laboratorio de proteémica del Vall de Hebron
Hospital, Universidad Pompeu i Fabra) que ofrecieron su ayuda apoyo y sobre todo, por
proporcionarme una buena base de conocimientos en mis inicios sobre muchas de las
técnicas habitualmente empleadas en protedmica, por resolverme gran cantidad de

dudas a lo largo de estos afios.

A mis Amigos, por su afecto recibido, sin cuyo animo nunca habria llegado hasta aqui.
Muchos de ellos han aportado su granito de arena en la revision de este trabajo, con su

carifio desde la cercania y la distancia. Gracias por tantas cosas!

Viviana y Carlos no hay palabras que describan los buenos sentimientos hacia vosotros,
vuestro apoyo y consejos que siempre me han enseflado a crecer personal y
profesionalmente. Comalada eres unica “grande por dentro como por fuera” te estimo
mucho, Eva y Ester, incondicionales, en todos los momentos decisivos de mi vida en
Barcelona, habéis estado alli presente dando los 4&nimos necesarios que me ayudaran a

ver las cosas de manera objetiva.



No puedo quejarme a nivel de amigos, me considero una mujer afortunada en esta vida
cuando digo amigos digo unos cuantos y de esos que cuentas en los momentos buenos y
malos. En esta pequefia gran ciudad Barcelona he encontrado el lugar ideal para

sentirme como en casa, como en mi tierra, hasta el punto que me siento parte de ella.

A mi familia, que a lo largo de mi vida me ensefiaron que la educacion era la clave del
éxito. Mis hermanas, por su constante apoyo con el cuidado de mi pequefio Matthias

para que yo fuera los fines de semana a escribir la tesis.

A ti Christian, que has sido quién ha estado ahi, dia tras dia, dandome las fuerzas para
seguir adelante, especialmente en los momentos mas dificiles (solo ti sabes que han
sido unos cuantos). Gracias por ser ese apoyo que me ha mantenido en pie todo este
tiempo. Es imposible que logre compensarte por todo lo que me has aportado, asi que

solo espero que podamos seguir el camino adelante para intentarlo cada nuevo dia.

Nunca pensé encontrar la luz al final de tinel! Combinar ser madre, trabajo, y la

realizacion de esta tesis no ha sido una tarea facil.



3. RESUMEN

En la actualidad la protedmica es una de las herramientas mas utilizadas en el estudio de
diferentes patologias. Los avances en la protedmica incluyen la preparacion de la
muestra, la espectrometria de masas (MS) y el andlisis de datos; convirtiendo esta

tecnologia en un método basico para la biomedicina.

La espectrometria de masas (MS) es la base de la protedmica, este campo ha
evolucionado rapidamente en el desarrollo de andlisis de proteinas tanto cualitativo
como cuantitativo, los analisis de modificaciones post-traduccionales, la localizacion
subcelular y las interacciones de proteinas. En este trabajo hemos aplicado diferentes
técnicas de protedmica para abordar diferentes preguntas relacionadas con la patologia

de las enfermedades neuromusculares estudiadas:

e El uso de la electroforesis bidimensional (2D-E) como herramienta de estudio para
identificar los cambios en la expresion proteica en una enfermedad durante su
desarrollo clinico y tras una intervencion terapéutica.

e Identificacion de nuevos antigenos mediante el uso 2D-E y posterior “western
blot”, con sueros de pacientes con neuropatias inmunomediadas.

e El uso de la 2D-E para el analisis cualitativo y cuantitativo de las diferentes

distrofias musculares estudiadas.






4. INTRODUCION

Protedmica

La secuenciacion del genoma de un alto nimero de especies ha conducido a lo que se
llama la era de la post-gendémica. En 1994, Wilkins introdujo el término de proteoma
como equivalente lingiiistico al concepto del genoma [1], el proteoma define el conjunto

de proteinas que se expresan a partir de un genoma.

La Protedmica es la ciencia que estudia de manera dindmica el proteoma expresado en un
organismo; en determinados momentos puntuales y bajo condiciones concretas establecidas,
como en la enfermedad, en los factores ambientales y fisiologicos como la edad, el estrés,
agentes toxicos y/o farmacos [2-3]. Esta también puede ser considerada como una caja de
herramientas, dotada de un conjunto de técnicas e instrumentos con un alto poder de
resolucion. [4]. La ampliacion de esta caja de herramientas no soélo requiere la
optimizacion de las tecnologias actuales, sino también del desarrollo y evaluacion de las
mismas, con la finalidad de aplicar estas técnicas como analisis de rutina especialmente

en el descubrimiento de biomarcadores.

La forma mas adecuada para realizar el analisis y la caracterizacion del proteoma,
dependera de las adecuadas estrategias que se apliquen para la preparacion de las
muestras biologicas complejas y los métodos de analisis a utilizar que dependeran de la
alta sensibilidad de los equipos. De esta forma, se alcanza a obtener la maxima
resolucion en los resultados; por lo tanto, las muestras deberan ser fraccionadas antes de

la identificacion de proteinas por espectrometria de masas [5].

Actualmente, la espectrometria de masas (MS) es una técnica indispensable para la
caracterizacion del proteoma de manera reproducible, gracias a su velocidad, precision
y sensibilidad. [6] [7]. En el desarrollo de esta introduccidn, se presentan los retos y
objetivos de la protedmica actual, la cual nos permite realizar andlisis comparativo y
cuantitativo de las proteinas, destacando tecnologias de separacion para el
fraccionamiento del proteoma y los principios basicos de la espectrometria de masas en

la protedmica.



Desafios de la Proteémica

El principal desafio de la biologia molecular es revelar los mecanismos y el
funcionamiento interno de las células. En esta busqueda continua encontramos que las
células estan conformadas por amplias redes moleculares que forman interacciones
dindmicas, las cuales determinan muchos procesos bioldgicos. La finalizacion del
proyecto del genoma humano [8] [9], mostro que el genoma es mucho mas simple de lo
previsto inicialmente. Por lo tanto, los mecanismos subyacentes de la funcion celular
son mas complejos de lo imaginado y el estudio directo de los genes no puede
establecer el papel de las proteinas en el funcionamiento de la célula y ampliar nuestra
comprension de como funcionan los sistemas biologicos. Sin embargo, el analisis de los
organismos a nivel de proteina presenta una gran variedad de retos analiticos, muchos

de los cuales todavia hay que superar.

Un proteoma tipico puede contener decenas de miles de proteinas unicas, que estan
presentes en un amplio rango dinamico de concentracion [10-11]. En los organismos
eucariotas, como los humanos, que contienen alrededor de 20.000 a 25.000 genes, el
“splicing” alternativo de los precursores de ARN obtenidos de la transcripcion y la
posterior traduccion de las distintas isoformas de estas proteinas aumenta la
complejidad de la muestra[12]. Si ademas, se combina con un gran numero de
modificaciones post-traduccionales (PTM) [13], el nimero de proteinas Unicas que
pueden comprender el proteoma de organismos complejos puede ser mas de un millén

[14].

En los ultimos tiempos, uno de los principales obstaculos a los que se ha enfrentado la
investigacion protedmica es la dificultad que supone la identificacion de todas las
proteinas presentes dentro de una muestra biologica compleja. Esta dificultad se ve
agravada por el limitado poder de resolucion en la concentracion de proteinas de menor
rango dinamico [15]. Otros problemas estan asociados a la evaluacion de la enorme
cantidad de informacidn que genera esta tecnologia, que complica la seleccion e

interpretacion de los datos potencialmente Utiles entre todos los obtenidos.



Objetivos de la Protedmica

El objetivo general de la protedmica es analizar los proteomas y la variabilidad de estos
en las diferentes células de un tejido, con el fin de resaltar las diferencias entre ellas. A
nivel especifico, uno de los principales objetivos de la protedmica es proporcionar
informacion 1til en el campo de la biomedicina acerca de los cambios en los perfiles de
expresion proteica especificos y de los mecanismos asociados a estos en diferentes
estadios celulares (sanos y enfermos), con una finalidad a largo plazo de desarrollar

mejores métodos de diagnostico y tratamiento de enfermedades.

Todos estos objetivos descritos anteriormente, no son faciles de realizar ya que no
tenemos aun toda la secuencia del proteoma humano completo; sélo conocemos una
pequefia parte de las proteinas presentes en el cuerpo humano. Para la realizacion de
estos objetivos sera indispensable el desarrollo del "Proyecto Proteoma Humano"
(HPP), que se basa en la caracterizacion de los 21.000 genes del genoma humano
conocidos. La meta de este proyecto es generar mapas de proteinas basados en la

estructura molecular del cuerpo humano.

Toda esta informacion proteica que generaria la realizacion de este mega-proyecto en el
que participan varios paises a nivel mundial, nos permitiria explicar la funcién bioldgica
de las proteinas y como sus modificaciones se ven afectadas bajo diferentes condiciones
celulares, el diagnostico molecular, y los avances en el tratamiento de las enfermedades

( http.//www.hupo.org/research/hpp/).

Las areas de estudio dentro de la protedmica son bastante diversas, Por ejemplo: la
funcion de las proteinas, el estudio de las interacciones proteina-proteina, el papel de
estas en las vias metabdlicas y las vias de sefializacion, las cuales son importantes para
comprender el papel que las proteinas llevan a cabo en sus procesos bioldgicos. [16]

[17] [18].

El analisis estructural de las proteinas a través de cristalografia por rayos X, resonancia
magnética nuclear (RMN) [19] [20] [21], o la espectrometria de masas [22] [23] permite

una vision de como el plegamiento de una proteina esta relacionada con su funcion.



La identificacion y la localizacion de las modificaciones postrasduccionales (PTMs) son
fundamentales para comprender la funcion de una proteina que pueden ser por jemplo

responsables de la regulacion de vias de sefializacion [24] [25] [26].

Sistemas de control de calidad

Los sistemas de control de calidad son procedimientos necesarios, para validar la
calidad de los resultados. La mayoria de los problemas encontrados en la protedmica
estan a nivel de la preparacion y manipulacion de las muestras, del fraccionamiento de
estas, del analisis y evaluacion de datos, por lo tanto todos estos procesos requieren una
supervision y la utilizacién adecuada de los flujos de trabajo que permitan garantizar la

veracidad de los resultados obtenidos.

La comunidad de cientificos que trabajan en el area de la protedmica, recientemente han
empezado a introducir como parte de los analisis de rutina de protedomica el término
“control de calidad” en las diferentes etapas de los flujos de trabajo utilizados en el
analisis de una muestra. Los esfuerzos de control de calidad son actualmente especificos
para los distintos laboratorios, lo cual da lugar a estrategias muy distintas para verificar
el funcionamiento de la instrumentacion y los pasos de analisis. Al mismo tiempo
también encontramos entidades que estan en la bsqueda de estrategias que estandaricen
los procedimientos a seguir en el andlisis del proteoma y sensibilizar a la comunidad
cientifica de la importancia del control de calidad para obtener resultados que tengan

cada vez una mayor validez.

Una de las entidades de las que hablamos anteriormente es la “Fixing Proteomics
Campaign”, su funcién es evaluar la reproducibilidad, criterio que es fundamental en
los experimentos en los que se utilicen técnicas de espectrometria de masas y
electroforesis bidimensional (2D-E), esta organizacion puede conseguir este objetivo
gracias a la participacion activa de los laboratorios de investigacion que pretenden

unificar los protocolos disminuyendo asi la variabilidad.

La “ABRF” “The Association of Biomolecular Resource Facilities”, es una sociedad
internacional dedicada a promover el desarrollo de los avances biotecnologicos en los

laboratorios de investigacion. Esta se compone por un nimero de aproximadamente 800



cientificos que trabajan en los laboratorios de investigacion biotecnologica. Estos
miembros representan a mas de 140 laboratorios de entidades gubernamentales,
académicas, de investigacion, industriales y comerciales. La “ABRF” promueve la
educacion y la promocién profesional de los cientificos a través de la organizacion de
conferencias, cursos y becas. Ademas patrocina estudios multicéntricos de investigacion
disefiados para ayudar a sus miembros a incorporar nuevas biotecnologias en los

laboratorios.

La Organizacion del Proteoma Humano “Human Proteome Organization” (HUPO) ha
construido recientemente una muestra de 20 proteinas equimolares, disponible como
prueba de control de calidad de referencia que puede ser aplicada a todos los flujos de
trabajo utilizados en la protedmica. De esta forma facilita informacion que permita
evaluar el estado general de los instrumentos y del flujo de trabajo utilizado. A través de
procesos comunitarios que apoyan el intercambio, la difusion y el reanalisis de
conjuntos de datos, se ayudaran a establecer y promover mejores practicas en areas

técnicas especificas.
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Tecnologias de la protedmica

Las metodologias de analisis de las proteinas despiertan gran interés tanto para la
investigacion basica como para la mas directamente biomédica. Durante los ultimos
afios, las tecnologias de la proteomica han dado lugar a grandes avances en la

investigacion basica y clinica.

El impacto de estas tecnologias nos permite una comprension mas completa de los
procesos celulares. Sin embargo a pesar de los grandes avances tecnologicos, seguimos
encontrando grandes problemas. Por ejemplo, una mayor sensibilidad en la deteccion de
proteinas a partir de mezclas complejas y de facil acceso para ensayos rapidos y

rentables, ttiles para validar los marcadores prometedores.

Las tecnologias que se aplican en la protedmica van encaminadas a separar, identificar y
caracterizar un gran conjunto de proteinas con el objetivo de conocer la abundancia de
las mismas, su localizacidon, modificacion e interacciones entre diferentes proteinas.

No existen métodos o instrumentos que sean capaces de identificar y cuantificar los
componentes de una muestra compleja de proteinas en una Unica manipulacion. A
continuacion describiremos mas detalladamente los métodos utilizados para el

fraccionamiento de proteinas.

Metodologia Para el Fraccionamiento de Proteinas

La mayoria de las muestras biologicas son mezclas complejas de proteinas, las cuales no
pueden ser analizadas directamente por espectrometria de masas dada su complejidad,
por lo tanto es necesario realizar un paso previo e importante de “Fraccionamiento”,
permitiendo asi incrementar el nimero de proteinas identificadas y a la vez favorezca la
deteccion de aquellas presentes en menor cantidad. Actualmente las técnicas de
protedmica combinan varias técnicas de separacion de proteinas previo al analisis de
MS, lo que permite ganar resoluciéon en la identificacion del proteoma. Los dos
métodos mas utilizados para el fraccionamiento de proteinas son la electroforesis

bidimensional en gel (2D-PAGE) y cromatografia liquida multidimensional (MDLC),
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siendo la cromatografia liquida con dos dimensiones (2DLC) la mas popular. Durante
la preparacion de la muestra existen diferentes formas de prefraccionarla y asi conseguir
reducir la complejidad de esta. De esta manera utilizamos una parte aislada y
caracterizada de los organulos u otras estructuras subcelulares de la muestra y no todo el
extracto total de proteinas. [27-29]. A continuacidon se explica los diferentes métodos de

fraccionamiento.

Métodos de Fraccionamiento

Fraccionamiento subcelular

Conocer la localizacion de las proteinas en la célula es un dato muy significativo que
nos puede ayudar a explicar su funcionalidad. Por lo tanto, el analisis de las proteinas
expresadas en los compartimentos subcelulares provee informacion referente a la
funcionalidad de las proteinas, disminuyendo de esta manera la complejidad de la

muestra.

Actualmente en la literatura encontramos numerosos métodos para el aislamiento y
purificaciéon de distintas estructuras subcelulares [27-29],[30-31],donde podemos
encontrar una amplia gama de métodos que incluye la clasica centrifugacion en
gradiente de densidad y la purificacion por afinidad mediante anticuerpos especificos
para proteinas transmembrana de diferentes organulos. También se describen otros
métodos comunmente utilizados como las técnicas electroforéticas, entre ellas la
electroforesis de flujo libre, la electroforesis en gradiente de densidad de alta resolucion
o la inmunoelectroforesis. Las identificaciones proteicas en estos estudios varian
numéricamente desde diez hasta miles de proteinas identificadas, dependiendo del
organulo u estructura subcelular de estudio y los métodos que se han utilizados para el

analisis.



Electroforesis bidimensional

La electroforesis bidimensional es una técnica que fue desarrollada en los afios 70 por
Kenrick & Margolis [32] [33] y por O’ Farrell [34]. Esta técnica de gran poder de
resolucion se caracteriza por la separacion de mezclas complejas de proteinas. En
primer lugar se realiza un isoelectroenfoque (IEF) donde las proteinas se separan en un
gradiente continuo de pH en funcion de su punto isoelectrico (pl). A continuacion se
lleva a cabo una electroforesis en geles de poliacrilamida en presencia de SDS (SDS-
PAGE), donde las proteinas se separan en funcién de su masa molecular. La direccion
del movimiento de las proteinas en esta segunda etapa electroforética es perpendicular a
la primera, de manera que se obtiene un mapa de “manchas proteicas” que se distribuye
en dos dimensiones.[35-36]. Su uso se generalizo a partir de los afios 80, tras la
invencion de un método para generar gradientes de pH inmovilizados “immobilized pH
gradients”, (IPG) [37]. Los IPG mejoraron la reproducibilidad entre geles y permitieron
la creacion de bases de datos de geles bidimensionales, disponibles hoy dia en Internet
[38].

En los ultimos tiempos, el desarrollo de la electroforesis bidimensional diferencial (2D-
DIGE) ha mejorado mucho la capacidad de la 2-DE para realizar analisis comparativos.
Se trata de una técnica basada en el marcaje fluorescentes de las proteinas previo a su
separacion, lo que le otorga una gran precision en la cuantificacion, que ademas permite
la separacion de varias muestras proteicas en un mismo gel [39], incrementando la

reproducibilidad y la fiabilidad del analisis de expresion diferencial entre muestras.

La 2DE presenta varias ventajas que explican su notoriedad en los estudios
proteomicos. Ademas se destaca el hecho de que permite realizar una visualizacion
directa de los mapas proteicos del proteoma estudiado. Permitiendo una facil
identificacion de isoformas proteicas y sus modificaciones posttraduccionales, asi como
la comparacion con otros mapas proteicos existentes en las bases de datos.

[3

Una vez que la segunda dimension ha finalizado, las proteinas o “spots” deben ser
visualizados, para ello existen varios métodos de tincion con diferentes caracteristicas

(sensibilidad, linealidad, homogeneidad y reproducibilidad). Entre los métodos de

23



24

tincidn visibles tenemos (tincion con nitrato de plata, “colloidal blue”, “coomasie”,
tincion negativa con zinc-imidazol), el método mas sensible es la tincion de plata, pero
el rango lineal es mas amplio en las técnicas fluorescentes, y entre estas ultimas
tenemos (Sypro) para proteinas totales, [40] “PQ-Diamon” fosforiladas, “Emerald”
glicolsiladas. La aplicacion de estos métodos es posterior al desarrollo de la

2-DE. También podemos utilizar métodos de deteccion inmunoquimica, considerando
que la separacion proteica se lleva a cabo en un gel de electroforesis y luego sean estas
transferidas a un soporte 0 membrana, para luego ser identificadas mediante técnicas de

inmunodeteccion o “blotting”. [41] [42].

Extraccion proteica
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Figure

Esquema de Electroforesis bidimensional:

La técnica de 2-DE estd basada en la separacion de una mezcla de proteinas en dos dimensiones. En la
primera dimension las proteinas se separan segun su punto isoléctrico en una tira de poliacrilamida con un
gradiente inmovilizado de pH. A continuacion, la tira se coloca en la parte superior de un gel SDS-PAGE,

y se separan las proteinas en base a su masa molecular (segunda dimension).



Adquisicion de la imagen y andlisis de geles bidimensionales

Para un buen analisis de la imagen de los geles bidimensionales, es necesario que estos
sean escaneados y guardados en alta resolucion con la finalidad de obtener una imagen
digital que permita llevar a cabo una serie de analisis como son la deteccion de los
puntos (especies proteicas), eliminaciéon del ruido de fondo, determinacion de la
intensidad de cada uno de los puntos, cuantificaciéon y comparacion del patréon de
expresion de cada uno de los puntos generados en cada uno de los geles analizados.
Obteniendo como resultado una comparacion cualitativa de los perfiles de expresion de
las proteinas y la identificacion de los cambios en la expresion de estas, en cada una de
las muestras estudiadas. La complejidad de los geles bidimensionales requiere el

empleo de paquetes informaticos especializados para su analisis [43-44]

Cromatografia Liquida

En la actualidad el uso de la cromatografia como técnica de fraccionamiento ha
aumentado su uso, dada su capacidad de superar algunas de las limitaciones de los
métodos de fraccionamiento por electroforesis bidimensional (2DE), lo que permite
abordar proteinas dificiles de analizar dada su estructura y composicion, como las
proteinas con puntos isoeléctricos extremos (acidos y basicos) y las proteinas
hirofébicas, ya que dada su composicion y escasa solubilidad estan poco representadas en

los mapas electroforéticos bidimensionales obtenidos hasta el momento.

Otras que son dificiles de analizar son las de baja abundancia que dada a su escasez no
puedan apreciarse por la presencia de proteinas mayoritarias que opacan o se
sobreponen ante estas, imposibilitando de este modo su facil deteccion. Es por ello, que
en los ultimos afios ha existido la tendencia a trabajar con los péptidos en vez de las

proteinas tratando de solucionar las limitaciones sefialadas.

La cromatografia liquida (“Liquid Chromatography”, LC) es una técnica de

fraccionamiento que puede utilizarse para separar proteinas o péptidos segun las
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propiedades fisicas y/o quimicas de estos. Puede utilizarse como un paso de purificacion

previo o posterior a la 2-DE, o una alternativa a la misma.

Las técnicas de cromatografia 2 dimensiones (2D) tiene la ventaja que permite pueda
ser utilizada en muchas combinaciones multidimensionales aumentado de esta manera
la capacidad de generar los maximos niveles de resolucion para las muestra de gran
complejidad. La cromatografia multidimensional se lleva a cabo mediante la aplicacion
de sucesivos fraccionamientos, utilizando diferentes clases de columnas tales como: las
de fase reversa (RP, “Reverse Phase”), las de exclusion molecular (SEC, “Size
Exclusion Cromatography”), las de intercambio catidnico (SCX, “Strong Cation

Exchange”) o anidnico (SAX, “Strong Anion Exchange”), y las de afinidad [45].

Las técnicas de cromatografia conectadas a equipos de espectrometria de masas en
tandem, como la tecnologia multidimensional de identificacion de proteinas
(“Multidimensional Protein Identification Technology”, MudPIT), superan a las
técnicas basadas en gel, en rapidez, sensibilidad, reproducibilidad y aplicabilidad a
diferentes muestras y condiciones [46-47]. Sin embargo, el mayor defecto de esta
técnica es la carencia de informacidn cuantitativa, aunque el desarrollo de técnicas de
marcaje isotopico de proteinas, como ICAT (“Isotope-coded affinity tag”) ¢ iTRAQ
(“Isotope tags for relative and absolute quantitation”), estd compensando esta
desventaja [48-50]. La principal ventaja de mas de estas técnicas de marcaje peptidico
(iTRAQ ICAT, SILAC) y metabdlicos es que se pueden analizar simultineamente
varias muestras, reduciendo asi el tiempo necesario para el analisis de espectrometria de

masas.

Los métodos de fraccionamiento como la “2DE y la cromatografia” presentan ventajas y
desventajas, por ello el éxito de un buen analisis estd directamente relacionado con la
seleccion adecuada y cuidadosa del método a utilizar, el tipo de muestra y del estudio
que se quiera realizar. El uso de cada uno de estos métodos de fraccionamiento no

imposibilita el uso del otro ya que nos aportan resultados complementarios. [51-52]



Espectrometria de masas

Espectrometria de masas (MS) es una técnica valiosa cuyos inicios se remontan a los
primeros dias del siglo pasado. Entre las técnicas analiticas, MS tiene un lugar especial
ya que mide con precision el peso de una molécula y/o mas exactamente su relacion

masa/carga (m/ z).

En sus inicios, la MS no era aplicable a las proteinas, debido a la ausencia de técnicas
suaves de ionizacidon que permitieran realizar el paso de grandes biomoléculas a iones
en fase gaseosa sin una fragmentacion excesiva de las mismas, es decir, que no se
volatilizaban [53]. A partir de la década de 1980 y en mayor escala en la década de
1990, la espectrometria de masa ha desempefiado un papel cada vez mas importante en
las ciencias biologicas, gracias al desarrollarlo de dos técnicas de ionizacion que
permitieron realizar el andlisis de proteinas y péptidos, entre otras biomoléculas por
MS. La primera de ellas, se denomina MALDI por sus siglas en inglés “Matrix-Assisted
Laser Desorption/lonization” (desorcién/ionizacion laser asistida por matriz)
desarrollada por Karas y Hillenkamp en 1988(22) y la segunda de ellas es la ionizacion
por electroespray “‘electrospray ionization” (ESI), desarrollada por Fenn vy

colaboradores. [54].

Los mayores avances para el estudio de las proteinas se han dado en la etapa de
preparacion de las muestras para la MS; un drea importante para la viabilidad y la
sensibilidad del andlisis. A partir de 1993, se comienzan a publicar varios algoritmos, y
programas informaticos, disefiados con el objetivo de permitir la correlacion de los
datos de espectrometria de masas obtenidos para una proteina y los obtenidos en las

bases de datos, cada vez mas amplias.

La MS ha evolucionado rdpidamente convirtiéndose en un campo central de la
genomica funcional. Este proceso se debe al desarrollo de las tecnologias en el area
instrumental y de las herramientas de analisis [7]. . A continuacion se describé algunos

equipos instrumentales, como sus componentes y caracteristicas.
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Espectrometro de masas

Los espectrometros de masas se componen de tres elementos basicos, que en orden
secuencial de accion en un analisis por MS serian: la fuente de ionizacion, el analizador

de masas y el detector.

La fuente de ionizacion convierte las moléculas en iones en fase gaseosa para que pasen
al analizador de masas, donde son separadas segun su relacion masa/carga y hace que
lleguen al detector secuencialmente. Las sefiales captadas por el detector son integradas
por un sistema informatico que genera un grafico denominado espectro de masas, donde
se representan la abundancia (intensidad) de los iones en el eje de coordenadas y la

masa / carga (m/z) en las abscisas, estd permitira la identificacion del compuesto.

Generacion de lones Separacionde lones Deteccidonde lones
Fuente de Analizador de D
Analito lonizacion Masas etector
Procesamiento de datos Sistema Informatico

Visualizacion de datos

Espectro de Masas

Figura

Esquema de las partes principales de los equipos de espectrometria de masas. Existen tres componentes
esenciales: la fuente de ionizacion (MALDI o ESI), el analizador de masas (TOF, Q, IT o una
combinacion de los anteriores el caso espectrometros en tanden o hibridos), el detector de iones. Las
sefiales captadas por el detector son integradas en un sistema informatico (externo al espectrometro de

masas) que generan los graficos conocidos como espectrometro de masas.



Fuentes de ionizacion

Es el elemento del espectrometro que ioniza el material a ser analizado (el analito).
Luego los iones son transportados por los campos magnéticos o eléctricos al analizador
total. Las técnicas para la ionizacion han sido claves para determinar qué tipos de
muestras se pueden analizar mediante espectrometria de masas. Las dos técnicas a

menudo usadas para el andlisis de liquidos y muestras solidas son MALDI y el ESI.

MALDI

Desarrollado por Karas y Hillenkamp a finales de 1980, es uno de los dos métodos "
ionizacion suave”. El analito se mezcla con un compuesto aromatico o matriz en
presencia de un disolvente organico y se deposita en una superficie metalica. Al
evaporarse el compuesto organico la matriz co-cristaliza junto con el analito. La placa
metalica se introduce en la camara de ionizacion del espectrometro de masas, que se
encuentra en alto vacio, y a continuacion se incide con un pulso de un laser ultravioleta
(UV) sobre ella. Los cristales absorben la energia del laser, algo que no haria el analito
por si solo, y se produce un importante aumento de energia en una superficie pequefa,
lo que conlleva una rapida sublimacion de la mezcla, dejando al analito ionizado y en
fase gaseosa. La accion de un campo eléctrico (20-25kV) produce el movimiento de los

1ones del analito hacia el analizador de masas.

ESI

Desarrollado para su uso en muestras biologicas de espectrometria de masas por John
Fenn. En este caso el analito es disuelto en un tampdn volatil, a pH acido, es llevado
desde la salida de la columna HPLC a un fino capilar metalico que estd sometido a un
alto voltaje. Esto produce la salida de la disolucion en forma de espray de gotas
cargadas que contienen varios analitos. Las microgotas son sometidas a la accion de un
corriente de gas a alta temperatura, lo que elimina el disolvente restante y deja a los
analitos ionizados y en fase gaseosa, lo que provoca que sean acelerados por el campo
eléctrico hacia el analizador de masas. La ionizacion por ESI permite acoplar métodos
de electroforesis capilar y cromatografia liquida directamente al espectrémetro de

masas, lo que es hoy en dia muy utilizado para realizar la identificacion a gran escala de
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Cromatografia Liquida

complejas mezclas de proteinas. La técnica MALDI se emplea para la identificacion de
mezclas de muy bajo nimero de proteinas, lo que limita su uso a la identificacion de
manchas proteicas de geles 2-DE o fracciones de baja complejidad procedentes de
métodos multidimensionales de LC. Aun asi sigue siendo una técnica complementaria

al ESI por su gran sensibilidad y tolerancia a los contaminantes de la muestra

Figura

A Boquilla Conode Muestra
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Los dos métodos mas importantes de ionizacion de las moléculas para el analisis de espectrometria de
masas. (a) lonizacion por Electroesprai (ESI), donde el voltaje se aplica directamente a la fase movil,
siendo esta muy polar y en algunos experimentos protedmicos segun la situacion su aplicabilidad se usa a
baja velocidad de flujo en las que se usan columnas con un diametro muy estrecho.

(b) desorcion / ionizacidon mediante laser inducida por matriz (MALDI), esta es util para aplicaciones en
las que se desee una sola carga de los iones moleculares y no una continua introduccion de la muestra. Un
pulso de un laser hace que la muestra acidificada se lance desde el lugar de la matriz y donde se elaborara

en el espectrometro de masas por las placas de carga negativa.



Analizadores de masas

La identificacion de proteinas como un marcador bioldgico durante el andlisis de
espectrometria de masas, se basa en parte a la exactitud de las masas, la resolucion y la
velocidad del analisis de espectrometria de masas utilizado en el experimento. En la
actualidad en el mercado hay varios tipos de espectrometros de masas y cada tipo de
tiene sus ventajas y desventajas. El corazon de un espectrometro de masas es el
analizador de masas. Estos logran la separacion de iones aprovechando las diferencias
de comportamiento entre los dos iones de diferentes masas de carga (m / z) dentro de un
campo eléctrica y/o magnético. Esto se puede lograr en de diferentes maneras y las
diferentes estrategias han sacado a la luz una variedad de espectrometros de masas
comerciales con diferentes tipos de utilizacion. Estos incluyen: el cuadrupolo, la trampa
de iones (2D y 3D), el tiempo de vuelo (TOF), y el alto rendimiento instrumentos como

el Orbitrap.

Cuadrupolo (quadrupole, Q)

Es uno de los analizadores mas utilizado en la espectrometria de masas en tandem, esta
compuesto por cuatro barras metalicas paralelas, separadas entre ellas, a las que se les
aplica un potencial de corriente continua, y otro de radiofrecuencia (RF). Al aplicar un
voltaje de RF variable, se permite que un determinado i6n de m/z especifica conserve
su trayectoria y llegue al detector, mientras que todos los demas son desviados. De este

modo se admite el paso de iones con distintas m/z, de forma sucesivo hacia el detector.

Un cuadruplo puede actuar en otro modo, en el que todos los iones pasan a través de €l
sin que ninguno de ellos sea seleccionado de manera especifica. Actualmente se suelen
emplear hexapolos u dctapolos, aunque el analizador de masas sigue conservando su
denominacion de cuadrupolo. Ademas de emplearse para separar los iones, estos
analizadores de masas también se emplean para producir la fragmentacion en la MS en
tandem, por un método denominado disociacidon inducida por colision “Collision-
Induced Disociation”, (CID), en cuyo caso se conocen como camaras o celdas de

colision.
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Tiempo de vuelo (time of flight, TOF)

Es uno de los analizadores mas sencillos, y mas comunes en los laboratorios. El
principio de los espectrometros de tiempo de vuelo (time of flight) se basa en la relacion
entre la masa y la velocidad de los iones. Se mide el tiempo que necesitan los iones
acelerados para recorrer una distancia (L), que depende de las caracteristicas del
instrumento, sin que los iones estén sometidos a un campo eléctrico y/o magnético

Las prestaciones del TOF son especialmente interesantes, sobre todo en cuanto a la
resolucion y la exactitud en la determinacion de la masa ya que se consiguen valores
inferiores a partes por millon. Se han incorporado algunos elementos en el instrumento
como son unos espejos electrostaticos denominados «reflectron» para aumentar la

resolucion y mejorar la separacion de los haces de iones.

Los equipos MALDI-TOF son muy utilizados para el andlisis de biomoléculas, hallando

dentro sus principales ventajas:

e La rapidez de los analisis, actualmente algunos instrumentos comerciales pueden
procesar cien muestras en menos de diez minutos.

e La determinacion de las masas se puede realizar en un amplio intervalo, se
pueden medir desde péptidos de pequefia masa hasta proteinas mayores de
100.000 Dalton (Da).

e [os espectros de masas que se obtienen son mucho mas sencillos, debido a que
la mayoria de los iones tienen una carga Unica, s6lo un pequeiio porcentaje es de
doble carga y rara vez se observan iones de triple carga.

Las limitaciones del MALDI-TOF también existen y se pueden resumir en las
siguientes:

e [La Baja reproducibilidad debido a la dificultad para controlar los proceso de
cristalizacion y produccion de iones debido a la fuerte influencia del laser.

e La resolucion relativamente baja para la determinacion de las masas, debido a
que la energia de las biomoléculas se dispersa durante el proceso de desorcion,
asi como, la posible unién a la matriz y a la posible fragmentacion de la

biomolécula.



Trampa iénica (ion trap, IT)

Se trata un analizador de masas ampliamente utilizado. Este consta de un electrodo que
constituye un anillo central y dos colectores, la separacion de los iones se produce
almacenando los iones en el espacio central y manipulando su movimiento en el tiempo
en lugar de hacerlo en el espacio. El campo se crea aplicando un sistema de
radiofrecuencias al anillo central. Los iones del analito procedentes de la fuente de
ionizacion penetran a través de una rejilla en el electrodo colector y segtin su m/z y el
campo aplicado, circulan en una 6rbita estable o se desestabilizan pasando al detector.

Los instrumentos de IT se caracterizan por tener una elevada sensibilidad y obtener una
rapida adquisicion de datos, sin embargo, los analizadores IT tienen una resolucidon
limitada y una relativamente baja capacidad de atrapar iones, ello ha conducido al
desarrollo del analizador de trampa de iones lineal (LIT) con elevada capacidad de
atrapamiento de iones lo que ha mejorado el rango dinamico y la sensibilidad de esa
técnica. El LIT ha desplazado al cuadruplo clasico. Actualmente los instrumentos LIT,

disponen de elementos que les permiten mejorar la resolucion.

Orbitrap

Es un tipo de espectrémetro de masas inventado por Alexander Makarov. Consiste en
un electrodo exterior con forma de barril y un electrodo interior coaxial con forma de
huso que forma un campo electrostatico con distribucidon potencial cuadro-logaritmica.

[55].

En un orbitrap, los iones son inyectados tangencialmente en un campo eléctrico entre
los electrodos y quedan atrapados porque su atraccion electrostatica hacia el electrodo
interior es balanceada por fuerzas centrifugas. Asi los iones dan vueltas alrededor del
electrodo central en anillos. Adicionalmente los iones también se mueven delante y
detras a través del eje del electrodo central. Asi, los iones con una especifica relacion
masa-carga se mueven en anillos que oscilan alrededor del huso central, la frecuencia de

estas oscilaciones armdnicas es independiente de la velocidad del ion y es inversamente
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proporcional a la raiz cuadrada de la relacion masa-carga (m/z o m/q). La trampa puede

ser utilizada como un analizador de masa.
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Figura 5. Tipos de espectrometros de masas empleados en Proteomica. a, En los equipos MALDI-
TOF los iones son acelerados y separados en un tubo de vuelo de acuerdo a sus diferentes velocidades. b,
El MALDI-TOF-TOF incluye una celda de colision entre dos tubos de vuelo. ¢, En el triple cuadruplo los
iones son seleccionados en el primer cuadruplo (Q1), fragmentados en la celda de colision (Q2) y sus
fragmentos separados en el Q3. En una trampa lineal, los iones son capturados en una seccion cuadruple,
representada por un punto rojo en Q3. A continuacidon son sometidos a un campo de resonancia eléctrica y
los fragmentos se escanean a su salida. d, El cuadruplo-TOF combina la parte frontal de un triple
cuadruplo con un analizador de masas para los fragmentos peptidicos tipo TOF. e, La trampa idnica
tridimensional funciona de manera similar a la lineal, reteniendo los iones peptidicos, fragmentando los
de determinada m/z y escaneando los fragmentos a su salida para generar el espectro de masas. f, Orbitrap
los iones son inyectados tangencialmente en un campo eléctrico entre los electrodos y quedan atrapados
porque su atraccion electrostatica hacia el electrodo interior es balanceada por fuerzas centrifugas. Asi los
iones dan vueltas alrededor del electrodo central en anillos. Adicionalmente los iones también se mueven
delante y detras a través del eje del electrodo central. Asi, los iones con una especifica relacion masa-
carga se mueven en anillos que oscilan alrededor del huso central, la frecuencia de estas oscilaciones
armonicas es independiente de la velocidad del ion y es inversamente proporcional a la raiz cuadrada de
la relacién masa-carga (m/z). Adaptado de: Aebersold R, Mann M. Mass spectrometry-based proteomics.

Nature. 422(6928):198-207 (2003).

Detector de masas

El elemento final del espectrometro total es el detector. El detector registra la carga

inducida o la corriente producida cuando un ion pasa cerca o golpea una superficie. En



un instrumento de exploracidn la sefial es producida en el detector durante la trayectoria
de la misma (m/z) y producira un espectro de masa, un expediente del m/z's en el cual
los iones estan presentes. Tipicamente, se utiliza un cierto tipo de multiplicador de

electrones (electromultiplicador).

Estrategias para la identificacion de proteinas

En la actualidad existen tres estrategias fundamentales para la identificacion de
proteinas mediante la espectrometria de masas:

La primera de las estrategias para la identificacion de proteinas en las bases de datos se
basa en que la digestion proteolitica de una proteina con una proteasa altamente
especifica, origina de manera reproducible un conjunto de péptidos que es caracteristico
para cada una de las proteinas. Por esta razon, es posible predecir mediante una
digestion in silico el conjunto de péptidos que se debe generar mediante el tratamiento
proteolitico especifico de cada una de las proteinas almacenadas en las bases de datos de
secuencias y por lo tanto se puede calcular teéricamente las masas moleculares de cada
uno de los péptidos esperados.

La masa molecular de cada uno de los péptidos proteoliticos se puede determinar
experimentalmente mediante ESI-MS/MS y MALDI-MS. La que explicaremos

detalladamente a continuacion.

a) Huella peptidica (peptide mass fingerprint, PMF)

Consiste en la identificacion de una proteina mediante el empleo de las masas de los
péptidos obtenidos tras digestion enzimatica, que generalmente se realiza con tripsina.
Cada proteina puede ser inequivocamente identificada por las masas de los péptidos que
la forman, y eso constituye lo que denominamos huella peptidica. Este tipo de
identificacion se realiza para proteinas unicas o mezclas simples de proteinas, que
pueden provenir de manchas proteicas de un gel 2-DE y bandas de geles
unidimensionales o fracciones de LC de baja complejidad. Una vez obtenido el espectro
en un espectrometro de masas tipo MALDI-TOF (Figura 5), se utiliza un programa
informatico denominado motor de busqueda que compara el espectro obtenido con los

espectros teoricos de una base de datos que contiene las digestiones teodricas de todas las
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proteinas descritas, y nos da un listado de las posibles proteinas ordenadas segun su
mayor correlacion con el espectro, lo que se corresponde con un mayor valor de

significacion.

b) Espectrometria de masas en tindem (MS/MS)

Actualmente se emplean en la mayoria de los casos espectrometros de masas con dos
analizadores de masas en tandem para llevar a cabo identificacion de proteinas. Se llama
espectrometria de masas en tandem (MS/MS) al acoplamiento de dos espectrometros de
masas unidos por una camara que generalmente, fragmenta las moléculas. Existen dos
categorias principales de espectrdmetros que permiten realizar experimentos MS/MS:
espectrometros en tandem en el espacio y en el tiempo. La definicion anterior solo es

apropiada para MS en tdndem en el espacio, que se hablara en detalle mas adelante.

Estos equipos se consideran una de las herramientas mas utiles para identificar
compuestos en mezclas y determinar la estructura de sustancias desconocidas se utiliza
especialmente en protedmica o para eliminar interferencias en métodos cuantitativos.
Estos equipos permiten realizar la medicién de (m/z) de los péptidos intactos en el
primer analizador de masas y, tras una fragmentacion de algunos de los péptidos en una
camara de colision por CID, la medicion de las m/z de los fragmentos de los mismos en
el segundo analizador de masas. Esto permite realizar la identificacion de la proteina
con informacion adicional a la realizada por huella peptidica, ya que el espectro de
fragmentacion de un péptido es caracteristico de cada péptido. Este espectro de
fragmentacion puede incluso permitir la secuenciacion total o parcial del péptido. La
obtencion de la secuencia de aminoacidos de un péptido, utilizando exclusivamente los

datos presentes en el espectro de fragmentacion se conoce como secuenciacion de novo.

Para realizar MS/MS de mezclas poco complejas se emplean los espectrémetros de
masas tipo MALDI-TOF-TOF, que permiten realizar las identificaciones de proteinas
con mayor fiabilidad que en un MALDI-TOF. El resto de espectrometros de masas en
tandem tienen fuentes de ionizacion ESI y diferentes tipos de analizadores de masas.
Las configuraciones mas habituales hasta la fecha son: Q3, Q-TOF, IT, Q-Q-LIT, FT y
Orbitrap. Recientemente se han desarrollado nuevas técnicas de fragmentacion como

alternativa a la CID en busca de una mejor secuenciacion peptidica. Existen dos nuevos



métodos basados en la transferencia de electrones de los iones presentes en la camara de
colision denominados disociacion por captura de electrones (electron capture
dissociation, ECD) y disociacién por transferencia de electrones (electron transfer
dissociation, ETD) [53]. A continuacion les describiré brevemente la estrategia utilizada

para la identificacion de nuevas moléculas antigénicas.

Estrategias de Cuantificacion Basadas en Espectrometria de masas

Era inevitable que después que la espectrometria de masas proporcionara informacion
necesaria de la identificacion de proteinas presentes en una muestra, la siguiente
pregunta que se formularia el personal de investigacion fuese relacionada con la
cantidad en la que estas proteinas estaban presentes en las muestras analizadas. En la
actualidad este interrogante no ha sido muy facil de contestar, ya que la mayoria de las
técnicas utilizadas para la cuantificacion es muy compleja de desarrollar y esta en
proceso de estandarizacion. Existen multiples maneras que han tratado de abordar esta
cuestion, tanto para la cuantificacion relativa como para la cuantificacion absoluta de las

proteinas [56].

La finalidad de los métodos utilizados para la cuantificacion de proteinas mediante la
espectrometria de masas es proporcionar una determinacion exacta y fiable de la
cantidad de un analito en una muestra real. La aplicacion de estas técnicas presenta
numerosas ventajas en el andlisis cuantitativo, especialmente si se utiliza acoplada con

métodos de separacion de alta resolucion.

Para que sea posible la determinacion cuantitativa de los biomarcadores es necesario
obtener medidas muy exactas de pequefias variaciones en la intensidad de la sefial
analitica que proporciona el biomarcador, ya que se encuentra a bajos niveles de
concentracion y en matrices muy complejas por lo que se requiere trabajar con el
numero de muestras necesario para minimizar la posible divergencia de los resultados
debidos a la manipulacién de la muestra y a la influencia del método analitico. Es
importante sefialar que cuando se trabaja con métodos analiticos cuantitativos hay que
validarlos en las condiciones rutinarias en las que se va a trabajar con ellos, ello

conlleva una serie de estudios para determinar los parametros de calidad como
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precision, exactitud, limite de cuantificacidn, intervalo lineal, especificidad y robustez

[57].

La protedmica cuantitativa se caracteriza en dos tipos: Cuantificacion absoluta y
cuantificacién relativa. La cuantificacion absoluta determina los cambios en la
expresion de la proteina en términos de una cantidad o concentracion exacta (por
ejemplo ng o nmoles por gramos de tejido, o ng o nmoles / plasma) de cada proteina
presente; mientras que la cuantificacion relativa determina la tendencia de la regulacién
de una proteina hacia arriba o hacia abajo, en este caso los resultados se expresan como
aumento o disminuciones.

La decision de utilizar estos dos tipos de cuantificacion dependera de si es necesario
encontrar valores exactos de concentracion o solo las diferencias entre ellos frente a
diversos estadios o tratamientos. Cabe sefialar que incluso la cuantificacion absoluta es

relativa en relacidn al control estandar interno utilizado [56].

En la actualidad los métodos de cuantificacion por medio de la espectrometria de masas
han ganado popularidad durante los ultimos cinco afios. En la mayoria de estos métodos
se utilizan isotopos estables de etiquetado diferencial, que tienen una etiqueta de peso
especifico que pueda ser reconocido por un espectrometro de masas y al mismo tiempo
que proporcionan la base para la cuantificacion. Estas etiquetas pueden ser introducidos
en las proteinas o péptidos por medio de diversas técnicas; metabdlicamente, por
medios quimicos, y enzimaticamente. Por el contrario, también existen los métodos de

cuantificacion sin etiqueta o “label free”. [58]. [59].

Entre los diferentes métodos mas utilizados para la cuantificacién de proteinas, las
técnicas de marcaje isobarico, entre ellas estan el (ICAT) “Isotope-Coded Affinity
Tags”, este tipo me marcaje se lleva a cabo después de la extraccion de proteinas al
igual que el (iITRAQ) “isobaric tags for relative and absolute quantitation”, que
consiste en el etiquetado de aminas libres con un reactivo isobdarico y el por ultimo el
(SILAC) “stable isotope labeling with aminoacid in cell culture”. Este ultimo es un
marcaje metabolico que consiste en las células que crecen en los medios de cultivos

enriquecidos con amino acidos marcados [60].



Otra técnica de cuantificacion muy utilizada actualmente es la denominada cuantificacion
libre de marcaje o “label Free” debido a que no requiere ningin marcaje, lo que minimiza
el nimero de pasos en la preparacion de la muestra. Evita la posible pérdida de péptidos
cuantificables, el alto coste de los reactivos de marcaje y/o la sintesis de péptidos estandar

marcados isotopicamente [56].

Para poder realizar una cuantificacion adecuada, es necesario un paso previo de
normalizacidon de cada elucion cromatografica. Existen dos niveles en los que se puede
llevar a cabo la normalizacion: se puede realizar una normalizacién técnica dirigida a
compensar los cambios producidos entre carreras debido al sistema de LC-MS o una
normalizacién a nivel de la muestra biologica. La primera se puede realizar afiadiendo una
proteina o, tras la digestion, una mezcla de péptidos marcados de concentracion conocida
con tiempos de retencion cromatografica también conocidos, y que cubran la mayor parte
del gradiente. En la segunda, una proteina cuya expresion permanezca constante en los

diferentes grupos y condiciones experimentales del estudio se utiliza como estandar interno.

Una de las técnicas mas utilizadas en los ultimos afios para realizar cuantificaciones
absolutas por espectrometria de masas de diversos tipos de moléculas, incluidas las
proteinas, es la denominada monitorizacion por reaccién simple “simple reaction
monitoring”, (SRM) y monitorizacion por reaccion multiple “multiple reaction
monitorin g, (MRM), cuando se cuantifican varias moléculas a la vez. Esta técnica requiere
habitualmente del empleo de un espectrometro de masas triple cuddruplo. El primer
cuadruplo del equipo, Q1, se emplea para seleccionar un i6n precursor de masa conocida.
Este i6n pasa al Q2, donde es fragmentado mediante CID. Los fragmentos resultantes son
analizados en el Q3, y las transiciones precursor-fragmento se emplean para cuantificar el

péptido [61].
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Aplicaciones de la Proteémica en Biomedicina

La expresion y caracterizacion de proteinas es un tema de particular e importante interés
dentro del area de la investigacion clinica y basica, como se ha explicado anteriormente.
Ademas de las implicaciones directas en el desarrollo, diagndstico y tratamiento de

enfermedades. [62] [63] [64].

El término “expresion proteica” implica el control de los cambios de proteinas a nivel
de concentracion, que se manifiestan como resultado de una consecuencia o casualidad,
a un cambio del medio externo que rodea al organismo, en una etapa de crecimiento o lo
mas importante, en un estado de enfermedad. Mediante la protedémica podemos
identificar y validar la expresion de proteinas que se correlacionan a los diferentes
estadios fisiologicos del organismo y como tal, pueden ser utiles como indicadores del
estado. Las proteinas que se pueden utilizar como marcadores de un estado determinado

se denominan biomarcadores.

Identificacion de Biomarcadores

El descubrimiento de biomarcadores consta de dos componentes principales:
1) El perfil diferencial del proteoma de posibles marcadores biolégicos.
2) La validacién de las moléculas biomarcadoras en una poblaciéon con numero de

muestras abundante.

El proceso para la identificacién de moléculas biomarcadores consta de 2 fases a tener
en cuenta, la podemos apreciar en la figura 1.1 (ver mas adelante). En la fase (I) implica
el descubrimiento de biomarcadores, cuyo objetivo es crear una lista de posibles
candidatos, estos se obtienen mediante el estudio exhaustivo del perfil integral del
proteoma de controles sanos y de sujetos enfermos procedentes de un nimero de
muestras relativamente pequefio. Una vez que la lista de posibles marcadores bioldgicos
que se obtiene en la fase (I) o inicial de andlisis, las proteinas candidatas se someten a

un analisis mas exhaustivo y riguroso sobre una poblacion mas amplia y en un mayor
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rango de condiciones como estadio de una enfermedad, el sexo, la edad, etc. En esta
etapa del analisis se emplean las estrategias especificas que se centran solo en las
proteinas candidatas, ignorando el resto del proteoma, siendo esta la fase final o fase
(I) y de validaciéon [65] [66]. Estas etapas se someten al proceso de validacién que
ralentizan todo este proceso, pero el cual es necesario para poder asegurar la veracidad

de los resultados.

Deteccion de Biomarcadores mediante técnicas de inmunoproteomica

La electroforesis bidimensional de alta resolucién combinada con “western-blotting”
con sueros de enfermos, seguido del analisis de espectrometria de masas es una
herramienta muy 1til para la deteccion de antigenos relacionados con enfermedades
neuromusculares imnunocomprometidas que inducen la formacion de anticuerpos en
pacientes con poliradiculopatia. Esta estrategia se puede aplicar a otras enfermedades
como las alergias, en la deteccion de nuevas moléculas antigénicas. Las ventajas de esta
técnica es el gran campo de utilizacidén de alguno/s de los antigenos inmunodominantes
para el desarrollo de un método de diagndstico para las poliradiculopatias de manera,
rapido y especifico y la posibilidad de identificacion de nuevas dianas para el desarrollo

de tratamientos adecuados y especificos contra este nuevo antigeno.
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Figura 1Esquema de la busqueda de biomarcadores en diferentes estadios.
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Figura 1.1 Diagrama de las fases seguidas en el descubrimiento de proteinas biomarcadores. El estadio
temprano abarca un analisis exhaustivo y comparativo de células sanas y enfermas. Este estadio temprano
se realiza con numero reducido de muestras las cuales generan una lista de proteinas candidatas
potencialmente biomarcadoras. Estas proteinas son sometidas a anélisis especificos sobre un amplio
nimero de muestras en el analisis tardio. La validacion de estas proteinas constituye biomarcadores
fiables para una enfermedad determinada, y se obtiene mediante un analisis estadistico de los datos de

cuantificacion
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Flujo de trabajo en proteémica: “Work Flow”.

La mayoria de los esfuerzos para mejorar los métodos de analisis que se utilizan para el
estudio de la expresion de proteinas encaminadas en la continua busqueda de la
realizacion de los objetivos de la protedomica. Para llevar a cabo estos estudios
comparativos de perfiles de expresion proteica es necesario la utilizacidén de un esquema
o flujo de trabajo que nos facilite y organice el trabajo desde el inicio y nos muestre las
mejores opciones para cada tipo de estudio y que determine la concentracion de proteina
en cada condicion. Por ejemplo podemos comparar dos proteomas en condiciones
diferentes por ejemplo, individuos “sanos” frente a individuos “enfermos” y el objetivo
de este experimento es determinar el cambio en la expresion de proteinas entre los dos

estados.

Para realizar este estudio se puede disefar varios flujos de trabajo para llevar a cabo el
objetivo principal del analisis del perfil de expresion proteica, sin embargo, en este caso
aun no es claro cudl es la técnica mas adecuada para el descubrimiento de proteinas
candidatas de biomarcadores en diferentes condiciones patologicas. Los ultimos
avances técnicos y computacionales han hecho en gran medida el aumento de la
identificacion y cuantificacion del estudio del proteoma. Las actuales estrategias
utilizadas para los estudios de expresion proteica se basan en la espectrometria de masas
y tienen un alto potencial para la identificacion de cualquier proteina o proteoma de

forma reproducible, precisa y cuantitativa. [67].

En el desarrollo de esta tesis hemos desarrollado dos flujos de trabajo para la
identificacion de biomarcadores de las enfermedades neuromusculares estudiadas.
Hemos utilizado a la electroforesis bidimensional como herramienta bésica para el
desarrollo de nuestro estudio protedémico con muestras (controles sanos y pacientes
enfermos). El otro flujo de trabajo utilizado para la identificacion de nuevos antigenos
esta basado en la inmonoprotedmica, mezclando la 2D-E para el fraccionamiento de
proteinas seguido por la espectrometria de masas para la identificacion de proteinas y la

posterior validacion de la proteina por ténicas de “Elisa o Westerm blot”
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su posterior identificacién con espectrometria de masas mediante técnica de “Maldi-Tof fingerprint
(PMF) .

45



46

Inmunoproteomica en el descubrimiento de biomarcadores
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Figura: (2.B) Diagrama de flujo de la estrategia general para analizar la deteccion de nuevos antigenos
"B", mediante técnicas de inmunoproteémica. Esta estrategia se basa en el uso de la electroforesis
bidimensional 2D-E seguido de westerm — blotting y espectrometria de masas. Este flujo ha permitido la
identificacion de altos candidatos biomarcadores para producir un diagnostico precoz, pronostico,

respuesta a tratamientos y/o seguimientos clinicos.



Proteéomica Clinica

La proteémica clinica representa el uso de técnicas protedomicas al campo de la
medicina y su aplicacion ha permitido el descubrimiento de nuevos biomarcadores para
el diagnostico de enfermedades. El marco de esta tesis se desarrolla en las aplicaciones
de estas técnicas, que facilitan los métodos de estudios para la identificacion de
moléculas dianas de las enfermedades Neuromusculares “raras” que tienen un impacto
negativo en la calidad de vida del paciente. Hasta hace pocos afios se desconocia la
causa de estas enfermedades, razon por la cual son un grupo interesante a estudiar, para
valorar e identificar todas las moléculas que participan en el desarrollo de la patologia,

para posteriormente identificar posibles intervenciones terapéuticas.

Enfermedades Neuromusculares

Las enfermedades neuromusculares (ENM) constituyen un grupo heterogéneo de
patologias que pueden afectar desde la médula espinal, las raices motoras y sensitivas,
los nervios periféricos, la union neuromuscular y los musculos. No existe ningin
criterio especifico a la hora de clasificar las enfermedades neromusculares (ENM) ya
que puede hacerse desde el punto de vista fisiopatologico, clinico o bien dar prioridad a
otros conceptos como la forma de transmision hereditaria (una clasificacion exhaustiva
de estas enfermedades neuromusculares ver (http://neuromuscular.wustl.edu/). En la
actualidad y gracias a los avances en genética molecular se tiende a una clasificacion
basada en los genes que presentan mutaciones.

El diagnostico de estas enfermedades se basa en la exploracion clinica, estudios
neurofisioldgicos, resonancia magnética nuclear (RMN) biopsia muscular o de nervio
con la aplicacion de distintas técnicas (inmunohistoquimica, Western-Blot, etc.),
analisis metabolicos, determinacion de autoanticuerpos en suero o liquido
cefalorraquideo. Su etiologia es diversa e incluye desde enfermedades
neurodegenerativas, hereditarias, metabodlicas, inmunoldgicas y toxicas. No existen en
nuestro pais mas que algunos estudios epidemiologicos, de los que se derivaria que la

prevalencia de patologia cronica neurodegenerativa y /o hereditaria se situaria en unos
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40.000 pacientes en el estado espafiol (Guia de Enfermedades Neuromusculares,
Federacion espafiola de Enfermedades Neuromusculares (ASEM)).

Las enfermedades Neuromusculares (ENM) constituyen un grave problema sanitario y
social porque en un elevado porcentaje de casos producen invalidez por debilidad
muscular progresiva y cronica. Estas enfermedades afectan tanto a personas adultas y
ancianos como a jovenes y nifios y ademas de su efecto personal y familiar devastador
tienen un elevadisimo coste econdmico. Algunas son poco frecuentes, como la
Esclerosis Lateral Amiotréfica. Otras, como la Miastenia Gravis consideradas
clasicamente como de afectacion en  jovenes, han demostrado ser, con el
envejecimiento de la poblacion, mucho mas frecuentes en los ancianos [68], lo que
indica la necesidad de su identificacion.

En esta tesis doctoral hemos utilizado técnicas de protedmica para abordar preguntas
bioldgicas que incluyen distintos aspectos de la patogenia y respuesta al tratamiento de
algunas de estas ENM. A continuacion se realizara una breve descripcion de las ENM

que se han estudiado.

Neuropatias adquiridas disinmunes

Estas enfermedades del sistema nervioso periférico constituyen un grupo heterogéneo,
tanto desde el punto de vista clinico como muy probablemente fisiopatogénico, que
engloba diferentes entidades. Su etiologia es desconocida, aunque existen datos que

sugieren una implicacion de mecanismos de autoinmunidad, humoral y celular.

La hipotesis de una patogenia inmunomediada se basa en la idea de que el sistema
inmune reconoce, de forma aberrante, antigenos propios como extrafios. En el caso de
las neuropatias disinmunes esta respuesta va dirigida frente a diferentes antigenos del

propio sistema nervioso periférico.

Se ha descrito la reactividad contra las proteinas PO, P2 y PMP22 de la mielina [69-
70]1a glicoproteina asociada de la mielina (MAG) [71] o, con mayor frecuencia, frente a
distintas especificidades de gangliosidos [72]. La hipotesis se sustenta, ademas, en

abundantes datos experimentales, in vivo e in vitro, utilizando tanto anticuerpos de



pacientes como modelos animales y lo mdas importante, en pacientes responden

favorablemente a terapias inmunomoduladoras.

Las neuropatias adquiridas disinmunes se han clasificado con relacion al patrén de
presentacion clinica y las estructuras diana implicadas. En la practica clinica, el
diagnostico se establece sobre la base de una caracterizacion fenotipica detallada y el
patrén de alteraciones electrofisioldgicas, que permite definir de manera mas precisa las

estructuras diana implicadas y el tipo de lesion

Desde un punto de vista clinico es util su sistematizacion con respecto al tipo de
afeccion funcional (motora, sensitiva, autondémica), la distribucion del déficit
(simétrico/asimétrico, proximal/distal, afeccion predominante de extremidades

superiores o inferiores) y el curso temporal (agudo, subagudo o crénico).

Las posibles dianas implicadas en el proceso patogénico (mielina/axén/cuerpo
neuronal) y el mecanismo de la lesidon pueden ser definidas por el patréon
electrofisiologico. El patron de reactividad de autoanticuerpos en suero puede ser
utilizado, en determinados casos, como una caracteristica adicional para su definicion.
La presencia de autoanticuerpos dirigidos contra especificidades antigénicas definidas
ha permitido establecer correlaciones clinico-inmunoldgicas precisas en determinados
Ccasos.

Una vez se ha llegado a un diagnostico preciso que ha de permitir establecer una
terapéutica inmunomoduladora o inmunosupresora, generalmente eficaz, el numero de
pacientes a los que es posible encontrar un patréon especifico de reactividad

inmunologica es bajo, especialmente en pacientes con neuropatia disinmune cronica.

En esta tesis se ha utilizado la electroforesis bidimensional combinada con la técnica de
Western-Blot como herramienta de cribaje de autoanticuerpos contra nuevas
especificidades antigénicas en pacientes con polirradiculopatia cronica sensitivo-motora

con banda monoclonal.
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Distrofias musculares

Las distrofias musculares se definen como miopatias progresivas en las que la biopsia
muscular muestra una sustitucion de las fibras musculares por tejido conectivo y
adiposo. El inicio de la enfermedad puede ser congénito o en la edad adulta.
Clasicamente, las distrofias musculares se han clasificado segun la edad de inicio, el
modo de herencia y el patron de debilidad o segtn el patréon de musculos afectados. Asi
tendriamos las distrofias de cinturas, la distrofia facioescapulohumeral, la distrofia
muscular oculofaringea, las miopatias distales o la distrofia escapulo-peroneal. El patron
de herencia puede ser dominante, recesivo o ligado al X.

Las distrofias musculares pueden ser causadas por mutaciones en genes que codifican
proteinas del sarcolema, la membrana basal, sarcomero, proteinas estructurales del
ntcleo o enzimas. Algunas afectan el splicing de mRNA (ej. Distrofias miotonicas) y en
otras el mecanismo no es del todo conocido (ej. Distrofia facioescapulohumeral o
FSHD).

La electrofisiologia y el examen histoldgico rutinario de la biopsia muscular
normalmente no son suficientes para distinguir entre los distintos tipos de distrofia
muscular. De hecho, aunque la exploracion clinica es basica, para poder llegar al
diagnéstico final es necesaria la RMN muscular, la biopsia muscular (histoquimica,
inmunohistoquimica y Western-blot con anticuerpos especificos) y el estudio molecular

del gen candidato [73]

LGMD2A

Antes de la clonacion de CAPN3 o calpaina 3 [74], el gen que causa la distrofia de
cinturas 2A (LGMD2A), todos los genes descritos responsables de la distrofias
musculares con debilidad de cinturas correspondian a proteinas estructurales expresadas
en el sarcolema. Esta familia de proteinas, el complejo distrofina-sarcoglicano (DSC),
proporciona un vinculo entre el sarcoplasma, la membrana y la matriz extracelular del
musculo que es estabilizado durante la contraccion. En la mayoria de los casos, la
LGMD2A comienza en la cintura pélvica, con problemas para correr, subir escaleras o
levantarse de una silla. Los musculos de las extremidades inferiores son los mas
gravemente afectados, incluso en los pocos casos en los que la enfermedad se inici6 en

la cintura escapular o ambos simultaneamente. Los aductores de la cadera y el gluteo



mayor son los primeros musculos afectados clinicamente y en menor grado, los flexores
de la cadera y los musculos isquiotibiales también estan involucrados Los musculos

faciales no se encuentran afectados lo que ayuda a distinguir la LGMD 2A de la FSHD.

La familia de proteinas estructurales, tambien denominada complejo
distrofina/sarcoglicanos, proporciona un vinculo entre el sarcoplasma, y la matriz
extracelular para estabilizar la membrana del musculo durante la contraccion. Sin
embargo, la calpaina-3 es una proteasa no lisosomal dependiente de Ca®" y esto plantea
la cuestion de cual podria ser su funcion en el musculo esquelético. Hasta la fecha se
han descrito mas de 300 mutaciones patogénicas diferentes en todo el mundo,
distribuidas a lo largo del gen. Se ha descrito que los pacientes con una mutacion sin
sentido desarrollan un fenotipo mas leve que aquellos que llevan una mutacion nula. Sin
embargo, la cantidad de proteina no se correlaciona con la aparicion de la enfermedad.
Se ha propuesto un modelo molecular en el que calpaina-3 y disferlina junto con la
caveolina-3 y las anexinas I y II formarian un complejo con un papel importante en la

reparacion del sarcolema [75]

Disferlinopatias

Las disferlinopatias incluyen una serie de fenotipos clinicos de inicio en la tercera
década de la vida que comparten la presencia de mutaciones en el gen DYSF y, en
consecuencia la ausencia o severa reduccion de la proteina disferlina. El fenotipo
clinico va desde la forma distal posterior descrita por Miyoshi, una forma de inicio en el
compartimento distal anterior, una forma de debilidad de cinturas (LGMD2B) o una
forma préximo-distal. Asimismo se han descrito casos de inicio muy tardio, formas
congénitas o la existencia de portadores sintomaticos. El gen fue clonado en 1998 y
desde entonces se ha hecho un gran esfuerzo para entender la funcion de esta proteina y
el efecto de su ausencia en la distrofia muscular [76]. Como ocurre con la calpaina-3, el
estudio detallado de la proteina disferlina mostré que ésta tampoco forma parte del
DSC.

La disferlina parece tener un papel importante en el sellado de la membrana de la célula
muscular tras una lesion [77], aunque podria tener otras funciones como por ejemplo a
nivel de diferenciaciéon muscular [78]. Esta proteina también se expresa en monocitos de

sangre periférica [79] y se ha reportado que su ausencia en estas células provoca una
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fagocitosis aumentada que podria tener también un papel en la progresion de la
enfermedad [80].

Los niveles séricos de CK son significativamente elevados en estos pacientes y, de
hecho, esta es una de las caracteristicas de la enfermedad en la que éstos suelen llegar a
> 10, el limite superior de los valores normales [81]. Esta observacion se debe
probablemente al hecho de que la membrana del musculo no se repara correctamente

tras la lesion y la CK se libera al medio.

A nivel de resonancia magnética (RMN) muscular, en pacientes con distrofia
musculares de cinturas 2B (LGMD2B) se ha demostrado mediante estudios de
protedomica un cambio de tipo de fibra de rapido a lento, un cambio de perfil de
expresion proteica de proteinas relacionados con el metabolismo oxidativo y la

remodelacién muscular [82].

Distrofia facioescapulohumeral (FSHD)

La FSHD es la tercera distrofia muscular mas comtin. Su nombre viene dado por la
afectacion caracteristica de los musculos de la cara y de la zona proximal de las
extremidades superiores. Las escapulas aladas son aparentes al mover los brazos hacia
adelante. El deltoides esta caracteristicamente conservado en los estadios iniciales, y
relativamente conservado respecto a otros musculos del hombro con la progresion de la
enfermedad. La patogenia de la enfermedad a nivel molecular no se conoce con
exactitud aunque parece que esta causada por la delecion de un subgrupo de unidades
repetidas de la secuencia microsatélite D4Z4 en el subtelomero del cromosoma 4q.
Estudios recientes aportan evidencias de que el gen DUX4, insertado por
retrotransposicion en la repeticion D474, se expresa en la linea germinal humana y que
después es silenciado epigeneticamente en los tejidos somaticos. En la FSHD, Ia
combinacion de un silenciamiento ineficiente de la cromatina en la repeticion D4Z4 y
polimorfismos en los alelos permisivos de FSHD que estabilizan los mRNAs
provenientes de la repeticion, resultan en una expresion inapropiada de la proteina
DUX4 en células musculares. La FSHD es por tanto el primer ejemplo de una
enfermedad humana causada por la represion ineficiente de un retrotransposon situado

en una zona de repeticiones en un microsatélite [83].



Inflamacion en las distrofias musculares

Algunas distrofias musculares presentan infiltrados inflamatorios en la biopsia
muscular. Entre éstas se encuentran las disferlinopatias [84], [85]. De hecho algunos
pacientes son diagnosticados erroneamente de polimiositis. Ademds, los modelos
murinos de disferlinopatia también presentan infiltrados inflamatorios [86]. También se
ha descrito la presencia de inflamacion en otras distrofias musculares tales como la
FSHD o la distrofia muscular de Duchenne (DMD). Por ejemplo, en la biopsia muscular
de pacientes con FSHD se ha observado un numero elevado de linfocitos B, una ratio
elevada CD4/CDS8 ratios en fibras necrdticas e infiltrados perivasculares [87]. En
pacientes con DMD, el estudio de la inflamacion en musculo esquelético mostro que las
células T se encontraban predominantemente en fibras necrdticas y en algunas no
necroticas de forma aislada [88]. Los pacientes con distrofia de cinturas tipo 2A pueden
presentar infiltrados eosinofilicos en el musculo esquelético en la primera década de la
vida [89]. Sin embargo, en las biopsias musculares de pacientes adultos ya no se

observa inflamacion.

Escleromixedema

El escleromixedema es una enfermedad caracterizada por una mucinosis dérmica
primaria, proliferacion de fibroblastos de la piel que se asocia frecuentemente a una
gammapatia monoclonal. Hay numerosas manifestaciones sistémicas que incluyen
afectacion gastrointestinal, pulmonar o enfermedades neuroldgicas que conllevan un
diagnéstico desfavorable [90]. La asociacion de miopatias con escleromixedema se ha
reportado previamente [91] [92]. La respuesta a distintos tratamientos sistémicos con
agentes inmunosupresores y quimioterapia ha sido variable [90]. El melfalan se ha
demostrado eficaz aunque una terapia prolongada puede tener efectos toxicos [93]. El
trasplante autélogo de células madre (TACM) después del tratamiento con dosis altas de
melfalan se mostrd efectivo en tres estudios previos aunque aproximadamente dos
tercios de los pacientes presentaron brotes y tuvieron que ser tratados de nuevo [94] [95]
[96].
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Proteomica en las enfermedades Neuromusculares

Proteoma del Musculo

El musculo es el tejido mas abundante del cuerpo humano es extremadamente
heterogéneo y tiene una estructura contractil integrada por varias proporciones de
miosinas con cadenas ligeras y pesadas, lentas tipo 1 y rapidas tipo 2 (2A, 2X), actinas,
complejos tropomiosinas, y troponina, y también proteinas metabolicas (enzimas que en
muchos casos participan en los procesos implicados en la activacion del acoplamiento
transcripcional). El musculo se caracteriza por su amplia plasticidad, es decir, por la
capacidad para ajustar el tamafio y las propiedades funcionales en respuesta a
influencias enddgenas y exogenas. Durante la ultima década, la protedmica se ha
convertido en una técnica fundamental para la evaluacion del tejido muscular a nivel

molecular y la investigacion de sus cambios funcionales [97-100].

Después de trabajos pioneros como el de Giometti y Anderson, sobre el proteoma del
musculo humano, que también incluian modificaciones post traduccionales, la
investigacion en este campo se reanudo con un estudio de 2D-E en el que detectaron
aproximadamente 500 puntos de proteinas pertenecientes al musculo vasto lateral de un
grupo de sujetos sanos de Asia, de los cuales 124 puntos fueron identificados por
MALDI-TOF MS y HPLC-ESI-MS/MS. Entre las proteinas identificadas encontraron
proteinas miofibrilares y proteinas contractiles, incluyendo la miosina isoforma 1y 2
de la cadena ligera, actina, tropomiosin alpha y la troponina I y tres isoformas de la
mioglobina, junto con un gran nimero de las enzimas implicadas en el metabolismo

glucolitico y aerdbico.

De este trabajo se desprende que la amplia distribucion de las proteinas detectadas por
técnicas de 2D-E, puede ser enmascarada debido al alto rango dindmico del tejido
muscular, debido a la presencia de proteinas muy abundantes (miosinas, actinas,
tropomiosinas, etc.) que dificultan la deteccion de proteinas minoritarias. Por ellos es
necesario realizar una etapa previa de fraccionamiento de las muestras que ayude a la
identificacion de estas proteinas. De hecho la distribucion de las proteinas contractiles

en los mapas de 2D-E no fue homogénea, ya que se encontraron mas en un rango de pH
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acido, mientras que un gran numero de proteinas reguladoras se encuentran en la region
alcalina del gel. Por otra parte a pesar del alto poder de separacion de la técnica
bidimensional, un gran numero de proteinas contractiles se caracterizan por su alto peso
molecular (por ejemplo la titina, nebulina, MHC), moléculas hidrofébicas y proteinas
con un pl muy alcalino que son todas ellas dificiles de saparar. Por el contrario, la
tecnologia de 2D-E presenta algunas ventajas para el andlisis protedmico muscular,
sobre todo por la capacidad de separacion de las isoformas de las proteinas, que en
muchos casos son importantes para comprender el funcionamiento del musculo
espgelético. A la hora de analizar el proteoma del musculo esquelético hay dos puntos

importantes a tener en cuenta:

1. La alta variabilidad en la composicion de tejido (intra e interindividual, dentro
de los musculos y las fibras).
2. La plasticidad del tejido muscular que puede influir en la reproducibilidad de la

mayoria de los resultados experimentales.

Inicialmente la mayoria de los estudios de caracterizacion e identificacion de proteinas
musculares se llevo a cabo mediante técnicas de 2D-E. Debido a las limitaciones de esta
técnica ha sido necesario combinar otras tecnologias alternativas, para ofrecer una
vision global del proteoma del musculo. La combinacion de HPLC y la espectrometria
de masas han facilitado la caracterizacion de las proteinas del tejido muscular. En
principio, esta tecnologia puede superar los las limitaciones impuestas por electroforesis
la 2D-E. De hecho, la cromatografia liquida multidimensional acoplada a la
espectrometria de masas es capaz de trabajar con el rango dindmico del proteoma del
musculo. Ademas de la mejora en los equipos de HPLC y espectrometria de masas, la
aparicion y estandarizacion de nuevos protocolos para mejorar la extraccion de proteina
especificos para cada tipo de muestra (nuevos detergentes, técnicas de deplecion de
proteinas abundantes, técnicas de fraccionamiento de proteinas en muestras complejas,
etc.) también favorecen la obtencion de mejores resultados.

La principal desventaja de este método de analisis es que no visualizamos casi todas las
isoformas de una proteina especifica. En el afio 2008, Hojlund et al. analiz6 el muasculo
humano vasto lateral mediante la combinacion de técnicas de fraccionamiento previas a
la digestion de proteinas, utilizando la técnica de electroforesis unidimensional

obteniendo (20 a 24 bandas de gel) que posteriormente fueron digeridas con tripsina y



seguidamente por cromatografia liquida acoplada a espectrometria de masas (HPLC-
ESI MS / MS). Este esquema de trabajo se realizo en tres individuos sanos y permitio la
identificacion de un total de 954 proteinas diferentes que comprenden un gran niimero
de moléculas contractiles y la mayoria de las enzimas implicadas en las principales vias
del metabolismo de la glucosa, los lipidos y una gran proporcion de las enzimas
mitocondriales. Sin embargo, sélo 446 moléculas eran comunes a todos los sujetos
investigados, lo que confirma la gran variabilidad entre individuos que hemos
mencionado anteriormente. La tasa de reproducibilidad de dos réplicas realizadas en la
misma muestra era del 75%. Ademas, teniendo en cuenta que so6lo las tres isoformas
principales del MHC ya representaban el 42% del total de espectros, esta gran
proporcién probablemente dificultaba la identificacion de proteinas menos abundantes
que migraban al mismo peso molecular en el gel [101].

Una revision de los estudios de protedmica en musculo realizados hasta el momento
muestra una serie de resultados comounes: 1)enzimas involucradas en diferentes
procesos biologicos y metabolicos, entre ellos enzimas relacionadas con la sintesis de
ATP, con las vias gliocoliticas, vias de metabolismo de acido citrico, en el transporte de
acidos grasos, metabolismo lipidico, el transporte de electrones y la fosforilacion
oxidativa, 2) la homeostasis del calcio, 3) el aparato miofibrilar y 4) diferentes
modificaciones postrasducionales como oxidaciéon y fosoforilacion oxidativa.
Curiosamente, las proteinas se agrupan en las principales vias conocidas que se
encargan de la regulacion de la homeostasis muscular, proporcionando una visién
global funcional del proteoma del mtsculo[100].

Recientemente, en un estudio en el que los autores se plantearon analizar el proteoma de
musculo esquéletico de pacientes con miositis por cuerpos de inclusion (MCI) versus
controles y se identificaron 2000 proteinas. Entre ellas, una lista de candidatos para las
principales componentes estructurales del sarcémero. Muchas de ellas ya habian sido
descritas en el trabajo de Hojlund ya mencionado anteriormente. [101]. En este trabajo,
se compararon dos distintas tecnologias, por una parte el fraccionamiento de proteinas
mediante geles de SDS seguido por la digestion de péptidos y por otra la separacion de
péptidos de 2D. Al parecer, el primero es mas eficiente en términos de identificacion de
las proteinas que el segundo. De hecho, las proteinas del sarcomero se pierden en la
separacion 2D en la que el rango dindmico de la muestra es mayor de lo permitido por
el espectrometro de masas. Por el contrario, en la digestion de muestras a partir de geles

SDS, las proteinas mas abundantes se limitan a 2 o 3 bandas, lo cual aumenta la

57



58

detectabilidad de las proteinas menos abundantes. El trabajo presenta algunos puntos
débiles. No se especifican los datos de los pacientes utilizados (patologia, tiempo de
progresion de la enfermedad, etc.). Tampoco se indica el musculo biopsiado, dato
relevante ya que en nuestro laboratorio (manuscrito en preparacion) hemos observado
diferencias importantes en el perfil de proteinas especifico para cada musculo. Por esta
razon es importante utilizar el mismo musculo en todas las muestras para dar mayor

robustez a los resultados. [102].

Estudio protedmico de las modificaciones postrasducionales en el musculo

esquelético.

La fosforilacion es un mecanismo de control clave para la regulacion de la actividad de
las enzimas y ademads juega un papel crucial en la las vias de transduccion de sefiales
que regulan el metabolismo energético, el acoplamiento excitacion-contraccion, la
funcion del sarcomero, el misculo balance de masa y la distribucion del tipo de fibra en
relacion con esfuerzos mecanicos, los factores inflamatorios y las hormonas. Los
cambios en el perfil de expresion de estas modificaciones postraducionales
representarian un problema importante que hay que afrontar en los estudios protedmicos

sistematicos y funcionales [103] [104] [105].

Se han realizado una serie de ensayos de fosforilacion basados en hipdtesis, de proteinas
especificas que estan presentes a lo largo de las vias de sefializacion; donde los
anticuerpos reconocen fosfo-epitopo que estaban disponibles. Ademas, se realizo un
enriquecimiento con Didxido de Titanio (TiO2), para valorar el fosfoprotedma y evaluar
los péptidos fosforilados por (HPLC-ESI) MS / MS de musculos de voluntarios sanos
[106]. En total, los autores identificaron 367 sitios de fosforilacion (fosfo-tirosina,
fosfo-serina, fosfo-treonina) en 144 de las proteinas en por lo menos 2 de cada 3 sujetos,
Como resultado, después del enriquecimiento de fosfopéptido , ~ 35% de las proteinas
identificadas eran fosfoproteinas. La mayoria de las fosfoproteinas detectadas estaban
involucradas en la funcion del sarcomero, el acoplamiento excitacion-contraccion (Ca
(2 +)-ciclo), la glucolisis y el metabolismo del glucdgeno.

De particular interés, se identificaron varios sitios de fosforilacién en varias proteinas

del sarcomero y Z-disco de las que se ha reportado su papel en la sefializacion y



trastornos musculares. Estos resultados facilitan posibles objetivos para la investigacion
de las vias de sefializacion dependientes de fosforilacion en el musculo esquelético
humano en condiciones fisiologicas y patologicas. En cualquier caso, es necesario
profundizar mas en estos estudios s para comprender plenamente el significado

funcional de estas modificaciones.

Perfil Protedmico Mitocondrial en el Musculo Esquelético

En un estudio novedoso realizado en el musculo esquelético de voluntarios sanos se
reportd el primer perfil proteomico de las mitocondrias. Este analisis se realizo
mediante la purificacion de la fraccidn mitocondrial en el musculo esquelético y el
posterior fraccionamiento de la muestra mediante el uso de la electroforesis de una sola
dimension, seguido por HPLC-ESI-MS/MS. En total se identificaron 823 proteinas, de
las cuales, 388 podrian ser caracterizadas como proteinas mitocondriales utilizando
“Gene Ontology” (GO), otras 99 fueron identificadas como proteinas mitocondriales
segun otra base de datos obteniendo un total de 487 (59% de proteinas detectadas) como
proteinas mitocondriales [107] [108]. Estos resultados pueden ser de utilidad a la hora
de establecer las bases fisiopatologicas de pacientes con enfermedades de probable

alteracién mitocondrial de los que no se ha podido idetificar la base molecular.

Antecedentes de la proteémica en Enfermedades Neuromusculares

Los trastornos que afectan la funcion muscular consisten principalmente en un grupo de
enfermedades raras con fenotipos heterogéneos, los llamados trastornos
neuromusculares hereditarios (NMD), que han sido estudiados intensamente, tanto a
nivel genético como fisiopatoldgico. Otras enfermedades que afectan la funcion
muscular son la consecuencia de trastornos en los que el dafio muscular no es
consecuencia de trastornos inmunologicos o metabolicos tipo diabetes. Para poder
monitorizar los posibles beneficios de una intervencion terapéutica, es importante
disponer de marcadores tantos clinicos sino también moleculares (inmunohistoquimica,
“Western-Blot”, actividad enzimatica, etc). Los que estan disponibles en la actualidad
no siempre son lo suficientemente sensibles como para detectar pequefios cambios en la

progresion de la enfermedad. La protedmica, podria mejorar el diagndstico y el
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seguimiento de estas patologias mediante el control del nivel de marcadores especificos,
de una forma mas precisa. El desarrollo de modelos animales modificados
genéticamente puede contribuir significativamente a la definicion de algunos
mecanismos fisiopatologicos de enfermedades neuromusculares, en particular del papel
de los eventos secundarios que conducen a la debilidad muscular y la muerte prematura.
Ambas herramientas utilizadas en el analisis de la enfermedad primaria o progresiva de
los musculos, en diferentes etapas de su evolucion, se esta convirtiendo en un hecho
factible. Esto evita algunos de los sesgos derivados de la variabilidad interindividual y

de la disponibilidad de la muestra. [109].

Los modelos animales, pueden proporcionar biomarcadores fiables ocasionados por
eventos secundarios que podrian ser con suerte aplicados al estudio de enfermedades
neuromusculares. Estos modelos permiten tener un conocimiento definido a nivel
genético y son faciles al permitir ajustar variables como edad, sexo y controlar
parametros nutricionales y ambientales.

La correlacion de los estudios realizados en modelos animales con muestras de
pacientes. Permitiria identificar moléculas importantes que podrian ser utiles como
candidatos a biomarcadores para el diagnostico y la monitorizacion de terapias. En una
ultima fase de este proceso estos candidatos deben ser validados en series amplias de

pacientes.

Andlisis protedmico en las Disferlinopatias

Para aclarar la fisiopatologia de esta enfermedad neuromuscular, que afecta la
integridad de la membrana del sarcolema, como ya hemos descrito anteriormente, se
realizo el andlisis protedmico diferencial de los musculos cuadriceps, en pacientes
afectados por una disferlinopatia y en individuos sanos o sujetos control. Los autores
mostraron que en los musculos de los pacientes afectos con disferlinopatia se observa
un cambio en el tipo de fibra muscular de rapido a lento [82]. Este resultado no se
correlacion6 con la progresion de la enfermedad ni se describid un posible mecanismo
que explicara este fendmeno.

También identificaron varias proteinas relacionadas con sintesis y plegamiento de

proteinas, que se encontraban aumentadas en los pacientes con deficit de disferlina. Los



autores sugerian que estarian relacionadas con un aumento de la sintesis de proteinas
necesaria para la regeneracion del musculo [110]. En este mismo sentido, también
observaron una desregulacion de la cadena respiratoria, mientras que, las enzimas
glicoliticas: a-enolasa y fosfogliceromutasa estaban disminuidas en estos pacientes. Este
resultado apoyaria un sesgo hacia el metabolismo aerdbico.

Este trabajo en el que se estudid el mismo musculo (cuadriceps) en todos los pacientes,
lo que es importante para evitar la variabilidad inherente a distintos musculos, no se
tuvieron en cuenta otras distrofias musculares que eliminarian los cambios a nivel de
expresion proteica comunes a procesos distrofico en general y no especificos de las

disferlinopatias.

Analisis protedmico en la distrofia de FSH

Como ya se ha descrito anteriormente, a diferencia de lo que ocurre en otras distrofias
musculares en las que el mecanismo molecular esta bien definido, en la FSHD el
defecto de esta patologia no solo se vincula con una mutacion en un procedimiento
especifico [111][112].

Recientemente se ha publicado un estudio comparativo de expresion proteica con los
musculos esqueléticos implicados en FSHD de controles sanos, musculos de pacientes
con distrofia facioescapulohumeral (FSH) y musculos de pacientes afectados por la
distrofia muscular de Duchenne (DMD). Los autores observaron un aumento en la
expresion de proteinas implicadas en la funcion mitocondrial y la proteccion contra el
estrés oxidativo en pacientes con FSHD. Estos cambios fueron reproducibles y
especificos para las biopsias musculares de todos los pacientes con FSHD, incluyendo

los musculos clinicamente afectados [113].

Sin embargo, en otro estudio realizado utilizando la combinaciéon de anélisis
protedomicos, de transcripcion y de bioinformatica en pacientes con FSHD, los autores
sugieren que los defectos moleculares en las repeticiones en tindem en D4Z4 altera la
expresion de genes, como MyoD, que participan activamente en la diferenciacion y la
regeneracion, lo que produce un aumento de especies reactivas del oxigeno [114].Los
anteriores resultados sugieren que los factores decisivos en la progresion de la

enfermedad podrian ser causados por las proteinas dependientes del factor de
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transcripcion MyoD y la diferenciacién celular. Los resultados protedmicos indica que
los reguladores del ciclo celular estan reducidos, entre estos ultimos, el producto génico
(NEDDS). Siendo esta ultima una ubiquitina, que se modifica después de la traduccion
celular y se une covalentemente a la culina (Cul) que a su vez aumenta la actividad de
ubiquitinacion y desempefia un papel central en la diferenciacion celular a través de los
procesos de degradacion de los reguladores del ciclo celular [115] y otra molécula que
participa en la maduracion de a ciclina es la “Heat Shock Protein70” (Hsp70) [116].

En estos trabajos no se tuvo en cuenta que la muestra se obtuviera del mismo musculo
en todas las patologias estudiadas para dar mayor validez a los resultados obtenidos. EN
uno de ellos [114]la distrofia estudiada (FSHD) no se compara con otras distrofias por
lo que algunos de los datos no se pueden considerar especificos para esta distrofia. Por
otra parte no se aportan datos sobre el tiempo de progresion de la enfermedad y la
discusion de los resultados obtenidos en términos de proponer mecanismos patogénicos

son escasos y se limitan a aportaciones basicamente descriptivas.



5. Objetivos

Objetivo principal: El objetivo principal de la presente Tesis Doctoral es el estudio del
perfil de expresion proteico en las enfermedades neuromusculares estudiadas, la
evaluacion de las proteinas alteradas en estas enfermedades. Asi como también la

identificacion de posibles nuevos biomarcadores especificos en ellas.

De este objetivo principal se derivan los siguientes objetivos:

1. Analizar el perfil de expresion proteica mediante electroforesis bidimensional de los
fibroblastos de un paciente con escleromixedema antes y después del tratamiento

con trasplante de médula osea.

2. Evaluar la utilidad de la electroforesis dimensional combinada con técnica de
“Western-blot” para detectar nuevos autoanticuerpos en pacientes con neuropatias

de posible etiologia inmunomediada.

3. Estudio comparativo del perfil de expresion proteica de musculo esquelético de
pacientes con distintas distrofias musculares como herramienta para identificar

proteinas diferencialmente expresadas especificas para cada una de ellas.
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6. Informe del director de tesis del factor de impacto de los articulos publicados

El primer articulo de esta tesis se publicd en la revista Blood. Esta revista tiene un
indice de impacto de 10,37 en el 2006 y en la actualidad tiene un impacto 10,55. Esta

revista pertenece al primer decil del 4area de hematologia.

El segundo articulo se publico en la revista Muscle and Nerve. El impacto de la revista
en 2008 era 2,73. En la actualidad es de 2,45 y pertenece al segundo cuartil del area de

neurologia.

El tercer articulo se publico en Proteomics Clinical Applications. Esta revista es de
muy receinte creacion (2008) y no fue incluida en el ISI hasta 2010. Hasta ese momento
solo aparecian en PubMed aquellos trabajos de esta revista financiados por el National
Institutes of Health (NIH). Aun asi su impacto en 2009 era ya de 1,87 y en la actualidad
(2010) se mantiene en 1,81. Estos datos indican no sélo el interés de la comunidad
cientifica por esta revista que ya ha alcanzado casi 2 puntos en menos de tres afios a
traves de las citas, sino también la calidad de los trabajos publicados, entre ellos el que

se presenta en esta memoria.
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7. Discusion de resultados

A continuacién se realiza un breve resumen de los estudios que componen este trabajo,
incluyendo la discusion global de los resultados obtenidos para cada uno de los
estudios. Las versiones originales de los trabajos publicados se encuentran adjuntas en

capitulos posteriores, siguiendo los requerimientos de la universidad.

Resumen de Resultados

Articulo I: “Steady Remission of Scleromyxedema Three Years After Autologous
Stem Cell Transplantation: An In Vivo and In Vitro Study”. Blood 2006 (108):
773-774

Isabel Illa, Carolina de la Torre, Ricardo Rojas-Garcia, Antoni Altes, Rafael Blesa,

Jordi Sierra, and Eduard Gallardo

El analisis protedomico de los fibroblastos de pacientes con escleromixedema antes y
después de un transplante de médula 6sea puede ser ttil para conocer mejor la patogenia

de la enfermedad.

Se estudio un paciente varon de 66 afios de edad fue remitido a nuestra unidad en
Junio/02 por una debilidad muscular proximal de 6 meses de evolucion rapidamente
progresiva y con disfagia grave. El paciente presentaba un endurecimiento de la piel
especialmente grave en los dedos, alrededor de la boca y la glabela. La
inmunoelectroforesis del suero mostrd un pico monoclonal IgG lambda. La biopsia de
piel mostr6 proliferacion de fibroblastos y aumento de los depdsitos de mucina dérmica.

El paciente fue diagnosticado de escleromixedema con compromiso sistémico.

En octubre de 2002, el paciente fue considerado para transplante de células madre
hematopoyéticas (HSC) porque no respondia al tratamiento consistente en esteroides,

IglV y quimioterapia con fludarabina mas retinoide. Ademas, habia perdido 10 kg de
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peso por la severa disfagia que limitaba su dieta exclusivamente a liquidos.
La movilizacién de HSC consistié en la administracion de 10 p g / kg / células madres
(SC) de factor estimulante de colonias de granulocitos (G-CSF). Posteriormente, estos
HSC fueron recolectados con una maquina de aféresis y criopreservados sin células T
utilizando los métodos estandar. El régimen de acondicionamiento para el trasplante

consistio en el régimen HAZ clasico de 6 dias.

Las visitas de seguimiento mostraron una recuperacion progresiva del estado funcional.
Seis meses después del trasplante, la fuerza muscular y los recuentos hematologicos
eran normales, y lo siguen siendo en la actualidad. El paciente refiri6 mejoras
significativas en la disfagia y fue capaz de tragar normalmente ocho meses después del
transplante de médula 6sea (TMO). Las lesiones de la piel y la rigidez desaparecieron y

el aspirado de médula ésea fue negativo para la infiltracion de células tumorales.

Es de destacar que el inmunofenotipo de sangre periférica y de la médula no evidencid
células B clonales. Curiosamente, aunque la proteina monoclonal habia disminuido en
los analisis de sangre de hasta tres afios después del TMO, seguia siendo detectable. En
los tres trabajos previos en los que se reporta un trasplante de médula dsea en pacientes
con escleromixedema (4-6), la mayoria de los pacientes respondio satisfactoriamente al
melfalan como régimen de acondicionamiento seguido de TMO, aunque en varios
casos, hubo recaidas y los pacientes tuvieron que ser tratados de nuevo con melfalan.
Nuestro paciente recibid la combinacion HAZ clésica durante la etapa de

acondicionamiento, y permanece libre de recaida a los tres afios.

La etiologia de la escleromixedema sigue siendo desconocida. Los estudios de
laboratorio utilizando cultivos primarios de fibroblastos sugieren que un factor del suero
estimula la proliferacon de fibroblastos (7). Feasel et. al sugiere en su articulo, que la
eliminacion de la banda monoclonal fue la causa de la mejora (4). Sin embargo, un
trabajo anteriormente publicado no mostro la actividad estimulante en la proliferacion
de fibroblastos de fraccion IgG aislada (8). Se realizd una biopsia de piel de nuestro
paciente antes del TMO. Los ensayos in vitro realizados con los fibroblastos obtenidos
de la biopsia demostraron una proliferacion anormal de éstos, que no dependian de
factores solubles o inmunoglobulinas ya que la tasa de crecimiento no variaba al incubar

las células con la IgG purificada del suero del paciente o el suero deplecionado de IgG.



Después del TMO se realizd una segunda biopsia de piel para valorar el efecto del
tratamiento sobre la proliferacion de fibroblastos. Los resultados del cultivo de
fibroblastos mostraron una normalizacion de la tasa de proliferacion. Adicionalmente,
se incubaron los fibroblastos obtenidos de la biopsia de piel realizada antes del

tratamiento con BCNU, Ara-C o melfalan.

Los resultados de estos ultimos experimentos replicaron los obtenidos con la biopsia de
piel realizada después del tratamiento. Esto sugiere que la gammapatia monoclonal no
es la principal causa de la proliferacion de fibroblastos en esta enfermedad. Ademas, las
paraproteinemias no son un elemento invariable de escleromixedema (9.11) y nuestro
paciente se recuperd completamente, mientras que la gammapatia todavia estaba

presente.

Para intentar profundizar un poco mas en los mecanismos moleculares responsables de
ese cambio tras el TMO realizamos geles bidimensionales con extractos de cultivos de
fibroblastos antes y después del tratamiento in vivo y de los tratamientos in vitro. El
analisis de los geles 2-D revelo varias proteinas diferencialmente expresadas entre los
fibroblastos control y los del paciente antes y después del TMO. Identificamos proteinas
claramente expresadas de forma diferencial en las distintas muestras estudiadas. Todas
ellas estaban implicadas en proliferacion celular. Encontramos que la superoxido
dismutasa de manganeso (MnSOD) estaba muy reducida (28 veces) en los fibroblastos
antes de la terapia. Sin embargo, la expresion de la proteina alcanzaba los niveles
normales en los fibroblastos después del trasplante. Hallazgos similares se observaron

para Cu/ Zn SODI1 (Figura 2).

La expresion de MnSOD se encuentra reducida en una amplia gama de células
tumorales, asi como en lineas celulares transformadas y postulandose como un nuevo
tipo de gen supresor tumoral (12-15). Algin factor desconocido en escleromixedema
podria provocar una hipometilacion/hipermetilacion aberrantes en los promotores de los
diferentes genes implicados en la detencion o activacion de la proliferacion celular. De
hecho, algunos de los farmacos utilizados en la etapa de acondicionamiento previo al
trasplante de médula Osea tienen un efecto sobre la metilacion de los genes y pueden por
tanto, modificar su expresion. También se encontré una regulacion a la baja de la

proteina Cu / Zn SODI1. Se ha demostrado que una regulacion al alza de esta proteina
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inhibe la proliferacion celular (16), lo que puede explicar sus bajos niveles en los
fibroblastos del paciente antes del trasplante. Ademas, la expresion de varias proteinas
se redujo tanto en fibroblastos de control y en los fibroblastos del paciente después del
tratamiento: stathmin (ausente), profilina I (ausente) y el factor inhibidor de macrofagos
(MIF) (8,65 veces reducido). Todos ellos se sobreexpresaban en los fibroblastos antes
del TMO, y todos ellos han sido previamente implicados en un incremento de la

proliferacion celular (17-19).

Es también de interés constatar que después del tratamiento, los fibroblastos del
paciente proliferaban a un ritmo (856 + 90 cpm) que era mas similar a los controles
(2853 + 398 cpm) que a los fibroblastos pre-TMO (8879 + 398 cpm). Ademas, las
proteinas que se habian identificado como anormalmente expresadas pasaron a presentar
niveles normales, es decir parecidos a los que se observan en fibroblastos control (ver

figura).

Para demostrar ain mas el papel de los farmacos utilizados en el tratamiento de
acondicionamiento en nuestro caso, tratamos cultivos de fibroblastos del paciente antes
del TMO con BCNU, ara-C y melfalan. Curiosamente, se observd una normalizacion de
la proliferacion de fibroblastos con todas las drogas utilizadas. Estos resultados se
corroboraron con los resultados de electroforesis bidimensional, ya que el perfil de
expresion proteica coincidia con el observado en fibroblastos control y los del paciente

tras el TMO (figura).

Tres afios después del tratamiento nuestro paciente estd clinicamente asintomatico y
libre de recaida. Asi, el régimen de acondicionamiento pre-TMO (BEAM), que incluye
una combinacion de farmacos hipo / hypermetilantes, puede ayudar a evitar las recaidas
observadas en pacientes tratados unicamente con melfalan. En conclusion, nuestros
resultados muestran que: 1) el régimen de acondicionamiento y trasplante de médula
oOsea utilizado en nuestro paciente puede producir una remision permanente en casos ve
escleromixedema grave, 2) en los pacientes con escleromixedema se observa una
proliferacion aberrante de los fibroblastos cutaneos in vitro, y esto se puede revertir con
farmacos quimioterapéuticos como BCNU, Ara-C y melfaldn, 3) la gammapatia
monoclonal, al menos en nuestro caso, no es responsable de la proliferacion aberrante

de los fibroblastos.
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Figura 1. Expresion diferencial de proteinas asociadas con la proliferacion celular mediante el analisis en
2D-E. (Ai, iv, vii) los fibroblastos de control, (ii, v, viii) los fibroblastos antes del tratamiento; (iii, vi, ix)
fibroblastos después del tratamiento. Estas imagenes de los geles bidimensionales tefiidos con plata nos
permitieron visualizar el patron de expresion proteica de los fibroblastos del paciente después del
tratamiento se reflejaba el mismo perfil que en los fibroblastos control. Las flechas sefialan las siguientes
proteinas: (1) Cu/Zn SOD, (2) Mn SOD, (3) Profilin I; y el MIF (4). (B) El efecto del tratamiento de los
fibroblastos del paciente con los diferentes medicamentos utilizados fue muy claro con la expresion de la
proteina MnSOD. Todos los farmacos aumentaron la expresion de MnSOD en el paciente niveles
similares a los de control de los fibroblastos. (i) Control de los fibroblastos, (ii) los fibroblastos de
pacientes sin tratamiento, (iii-v) los fibroblastos de pacientes tratados con BCNU (iii), Ara-C (iv) o
melfalan (v). Todas Las imagenes fueron adquiridas y procesadas con un escaner de GS-800 (BioRad,

Palo Alto, CA).
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Articulo II: “Chronic sensorimotor polyradiculopathy with antibodies to P2: an
electrophysiological and immunoproteomic analysis”. Muscle And Nerve 2008
38(1):933-8

Ricard Rojas-Garcia, Eduard Gallardo, Carolina de la Torre, Lara Sanvito, Isabel I1la

La utilizacion combinada de técnicas de electroforesis bidimensional y “Western-Blot”
puede ser de utilidad para la identificacion de nuevos antigenos diana en neuropatias

inmunomediadas, como es el caso de la poliradiculopatia.

En este estudio se evalud un paciente varon de 72 afios de edad con marcada ataxia
sensitiva y debilidad proximal. Los sintomas se iniciaron dos meses antes, con leve
inestabilidad de la marcha, aparicién de parestesias simétricas en las extremidades
inferiores y alteracion de la sensibilidad desde rodillas. Los sintomas empeoraron
gradualmente causando dificultades para caminar. No referia otros sintomas
neurolédgicos. El paciente habia sido diagnosticado, cuatro afios antes, de leucemia
linfocitica cronica de células B. Los niveles séricos de IgM se encontraban elevados
(1260mg/dL) y la inmunoelectroforesis demostré una gammapatia monoclonal IgM
kappa. A la exploracion neuroldgica el paciente presentaba de forma bilateral ataxia de
la marcha y Romberg positivo. Unicamente se encontraba presente el reflejo muscular
profundo tricipital bilateral. Al balance muscular se objetivd una debilidad simétrica
leve (MRC 4/5) para la abduccion de hombro y flexion de codo y cadera. Se objetivod
una hipoestesia de predominio en las extremidades inferiores, principalmente en las
modalidades de sensibilidad artrocinética y vibratoria. Habia una alteracion leve de la
sensibilidad tactil y algésica. El paciente no presentaba alteraciones de pares craneales,
nistagmo ni disartria. La concentracion de proteina en el LCR fue de 155 mg/dL con un

recuento celular de 5/mm3. La citologia del LCR mostr6 ausencia de células malignas.

El paciente fue tratado con inmunoglobulina intravenosa (IgIV) (0,4 g / kg de peso) sin
ningun beneficio. Cinco semanas mas tarde se inicié tratamiento con Prednisolona via
oral (1 mg / kg de peso). El paciente evoluciond a las 4 semanas con una deambulacion
normal. El estudio radiolégico craneal y medular fue normal, la resonancia magnética
descartd hipertrofia y captacion de gadolinio de las raices nerviosas. Las siguientes

pruebas fueron normales o negativas: vitamina B12, acido folico, vitamina E, Borrelia
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burgdoferi, VDRL y serologia VIH, anti-Ro y anti-La. Los anticuerpos onconeurales,
incluyendo anti-Hu, anti-Yo, anti-Ri, Anti-Ma2 y anti-CV2, fueron negativos. Los
anticuerpos anti-gangliosidos Ig M e Ig G (GM1, GM2, GM3, GDla, GD1b, GD3,
GTl1b, GQlb) y los anticuerpos anti-sulfatidos se realizaron como se ha descrito
anteriormente y fueron negativos. Los anticuerpos anti-MAG se determinaron mediante

la EIA y también fueron negativos.

La electroforesis bidimensional seguida de Western-blot utilizando el suero del paciente
demostrd reactividad frente a una proteina (figura 1B). El analisis de espectrometria de
masas identificé la proteina P2 de mielina del nervio periférico (P2) con un “score” de
244 en la base de datos de Mascot. Estos resultados se obtuvieron con extractos de
proteinas de raices humanas anterior y dorsal. La validaciéon de estos resultados se
realiz6 mediante técnicas de ELISA utilizando péptidos sintéticos de la proteina P2. El
suero del paciente fue positivo para anticuerpos Ig M con un titulo de 1:800 frente a un
péptido que corresponde a los aminoacidos 20-45 de la P2 (secuencia
YMKALGVGLATRKLGNLAKPTVIISK). La caracterizacion de la cadena ligera

mostrd que era del tipo kappa igual que la paraproteina Ig M que tenia el paciente.

Aunque no hay datos de normalidad para esta prueba, el titulo se puede considerar alto.
De hecho, en una serie de 30 pacientes con CIDP y 32 controles sanos (Sanvito et al,
datos no publicados), s6lo un paciente CIDP mostr6 reactividad IgM P220-45 con un
titulo de 1:800, mientras que los otros dos pacientes positivos tenian un titulo de 1:200.
No se detectaron anticuerpos Ig M o Ig G contra los otros seis péptidos de P2

analizados.

Y
-

10 kDa y . . e P |
Figura 1. (A) Electroforesis bidimensional de extractos proteicos de raiz posterior humana, tefiido con

plata. (B) Western blot realizado en geles bidimensionales con suero del paciente y se observa una fuerte

reactividad con la proteina P2 “Mielin Protein 2"



Discusidn articulo 2

Se presenta un paciente con marcada ataxia sensitiva y debilidad proximal, con una
clinica que orienta a una posible CIDP en el que los estudios electrofisioldgicos
mostraron anomalias en las respuestas tardias, sin embargo, no demostraron signos
definitivos de desmilinizaciéon en los segmentos de los nervios periféricos. La
combinacion de los datos clinicos y electrofisiologicos sugieren afectacion proximal de
las raices motoras y sensitivas como zona de lesion principal. Un enfoque
immunoprotedmico permitié la identificacion de la reactividad contra las proteinas de
mielina periférica P2. La hiperproteinorraquia del LCR y la respuesta al tratamiento
sugieren un mecanismo inmunologico en este caso. La presencia de una gammapatia
monoclonal y la identificacion de la reactividad contra la proteina P2 apoyan atin mas el
papel de la inmunidad de células B contra diferentes proteinas de la mielina,
glicoproteina asociada (MAG) o los gangliosidos en esta neuropatia que se asemeja

clinicamente CIDP.

Varias entidades clinicas definidas deben considerarse en el diagnéstico diferencial de
nuestro paciente: La aparicion subaguda y la presentacion clinica con predominio de
ataxia sensitiva de curso rapidamente progresivo, podria orientar el diagndstico de
neuropatia asociada a anticuerpos anti-Hu paraneoplasica (8,9) o ganglionopatia
asociada al sindrome de Sjogren (10,11). Sin embargo, ademas de un inicio asimétrico
comun en estas dos entidades, los datos electrofiosioldgicos en ambas son de alteracion
grave y difusa de los estudios de conduccion sensitiva, con una reduccion marcada de la
amplitud de los potenciales. Sin embargo, en nuestro caso los estudios de conduccion

sensitiva se mantuvieron normales durante el seguimiento.

La participacion radicular en pacientes con linfoma puede presentarse como
radiculopatia o polirradiculopatia en un nivel localizado. Dicha participacion radicular
se manifiesta por sintomas radiculares generalmente asimétricos de predominio distal
(dolor, disestesias, parsetesias y défict sensitivo y/o motor con distribucion de la raiz
afectada) 12. Los estudios electrofisiologicos pueden mostrar compromiso radicular

localizado, con preservacion de los potenciales de accion sensitivos, sin embargo la
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evidencia de denervacion aguda en los musculos paravertebrales es un hallazgo

frecuente.

La radiculopatia linfomatosa o infiltrativa so6lo puede ser definitivamente confirmada
por biopsia. Sin embargo, ni la ausencia de lesiones con efecto masa o del realce con
contraste Resonancia magnética, una presentacion clinica simétrica, la denervacion de
los musculos paravertebrales, ni la citologia negativa en el examen del liquido

cefalorraquideo excluyen esta posibilidad.

Ademas, en pacientes con gammapatia monoclonal IgM que se presentan con sintomas
predominantemente sensitivos, se debe considerar el diagndstico de neuropatia sensitiva
atdxica cronica paraproteinemic (13) y neuropatia desmilinizante distal adquirida

paraproteinemico (14).

La mayoria de los pacientes con gammapatia monoclonal IgM generalmente se
presentan con caracteristicas muy homogéneas. Clinica y electrofiologicamente se
caracteriza por una polineuropatia cronica, lentamente progresiva, distal, simétrica, de
predominio sensitivo desmielinizante (14-16). Cuando esta se presenta, la debilidad es
de predominio distal y se desarrolla mas tarde. En mas de la mitad de estos pacientes la
IgM monoclonal reacciona contra la mielina asociada a glicoproteina (MAG) (14).
Ademas de las diferencias clinicas y electrofisioldgicas de nuestro paciente, no se

detectaron anticuerpos anti-MAG.

Pocos pacientes con gammapatia monoclonal IgM se presentan con un cuadro clinico
caracterizado por una neuropatia sensitiva atdxica cronica de curso progresivo o
recurrente-remitente. Ademas, en muchos casos existe debilidad de los musculos
oculomotores y afectacion de la musculatura bulbar (13,17). El cuadro clinico fue
descrito con precision en una serie amplia (13). Todos los casos tienen anticuerpos
séricos IgM que reaccionan con NeuAc (02-3) y NeuAc (a2-8) conformado por
disialosil-ganglidsidos. En estos sueros también estan presentes las “crioaglutininas”.
Cuando todas estas caracteristicas clinicas descritas anteriormente estan presentes, se
conoce con las siglas CANOMAD: neuropatia ataxica cronica, oftalmoplejia,

paraproteina IgM, aglutininas frias y anticuerpos disialosil (18).



Nuestros pacientes pueden ser facilmente diferenciados de esta neuropatia cronica
sensitiva ataxica con paraproteinemia debido a la ausencia de afectacion de los
musculos 6culomotores, los anticuerpos anti-ganglidsidos, las aglutininas frias y la
normalidad de los estudios de conduccion sensitiva.

El cuadro clinico de debilidad proximal, ademas de la ataxia sensitiva grave se asemeja
mas a una variante de CIDP. Por lo tanto formas puras sensoriales de CIDP (19,20,
21,22) CIDP clasica, o incluso la recientemente descrita polirradiculopatia inmune
sensitiva cronica 2 deben considerarse en el diagndstico diferencial.

Los criterios para el diagndstico de CIDP de la AAN reconocen que la presentacion
clinica puede ser exclusiva o predominantemente sensitiva (5), y los criterios

recientemente publicados aceptan una presentacion sensitiva pura como CIDP atipica

(1,3).

Los estudios electrofisioldgicos en el subgrupo de pacientes con neuropatia inflamatoria
desmilinizante cronica adquirida y la disfuncidon sensitiva pura, pueden objetivar
alteraciones exclusivamente en las conducciones nerviosas sensitivas 23. Sin embargo,
es mds comun encontrar rasgos de desmielinizacién primaria afectando a nervios
motores en consonancia con los cambios tipicos electrofisiologicos de CIDP (19,
20,24), ademas de conducciones sensitivas alteradas. En otros casos, la afectacion de
nervios motores y la debilidad se desarrolla de forma tardia, por ejemplo en los casos

que se presentan con sintomas sensitivos de forma inicial (21,22).

Los valores de la LMD y el VC en los estudios de conduccién motora en nuestro
paciente mostraron algunas alteraciones leves. Sin embargo, estos no estaban en el
rango desmilinizante de acuerdo con los criterios AAN (reduccion <80% del limite
inferior de la normalidad de la VC, y prolongacion > 125% del limite superior
normalidad de DML). En nuestro paciente se objetivo que no habia evidencia de
desmielinizacién primaria definitiva en los segmentos distales de los nervios, de
acuerdo con los criterios de la AAN para el diagnostico de CIDP 5,25. Ademas, los
estudios de conduccidn nerviosa sensitiva fueron normales y se mantuvieron asi tras un
afio de seguimiento (tabla I).

En los pacientes que se presentan con ataxia sensorial pura o de forma predominante los
estudios de conduccion nerviosa sensitiva pueden ser normales en un numero muy

pequefio de pacientes (23, 26,27). Una lesion de los segmentos proximales de las raices
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nerviosas dorsales desmielinizante ha sido sugerida como la lesion causal en estos casos
(23,26). En una serie de pacientes que se caracterizaban clinicamente por ataxia
sensorial y normalidad de los estudios de conduccion nerviosa sensitiva, los autores
sugirieron que la lesion desmilinizante se localizaba en las raices sensitivas proximales
a los ganglios de la raiz dorsal. Similares pacientes fueron reportados por Sinnreich et
al, en donde el patrdén electrofisioldgico de ausencia del reflejo H y la normalidad de los
potenciales sensitivos en el estudio de conduccidn, en presencia de ataxia sensitiva, en
nuestro caso sugiere el segmento proximal de las raices sensitivas como zona de lesion.
Sin embargo, ademas de la ataxia sensitiva la presencia de debilidad proximal simétrica
en nuestro paciente, que en conjunto con los datos clinicos y electrofisologicos sugiere
que existe una afectacion predominantemente proximal tanto sensitiva como motora. Se
sospecha que la lesion de la raiz motora es por la presencia de anomalias en las
conducciones motoras tales como y la presencia de ondas A, en ausencia de datos

definitivos de lesion desmielinizante en segmentos distales de los nervios motores.

Las alteraciones aisladas de las ondas F con estudios de conduccion motora normales en
los segmentos distales del nervio motor han sido descritas en una etapa temprana de
polineuropatias agudas adquiridas (28-31). Este patron electrofisiologico se ha
interpretado como una consecuencia de un bloqueo de la conduccion en el segmento
proximal del nervio (31-33). Sélo se han descrito casos anecdoticos que sugieren que la
desmielinizaciéon puede limitarse a los segmentos proximales del nervio en las
neuropatias cronicas adquiridas (2, 23, 24,26). En estos casos, los autores sefialaron que
la lesion se localiza proxima a los ganglios de la raiz dorsal sensitiva. Las caracteristicas
clinicas y electrofisioldgicas de nuestro paciente sugieren una afectacion predominante
proximal tanto sensitiva como motora. Este patron podria ser definido como una
polirradiculopatia sensitivo motora crénica, pudiendo constituir un fenotipo ampliado
de los pacientes definidos por Sinnreich 2 o una forma restringida de neuropatia
inmunomediada adquirida cronica con afectacion predominante de las raices nerviosas.
En estos casos la ausencia del reflejo H y las alteraciones de la onda F podrian indicar la
presecia de lesion desmilinizante en segmentos proximales del nervio, que no se suelen
detectar en estudios electrofisioldgicos de rutina y de esta manera evitar la biopsia de
nervio y ayudar a identificar a los pacientes que no se ajustan al patrén tipico
electrofisiologico en las neuropatias cronicas adquiridas y poder beneficiarse de

tratamientos inmunomoduladores.



El analisis proteémico ha sido utilizado con éxito para identificar un antigeno diana en
una enfermedad neuroinmunolégica como la encefalopatia34 de Hashimoto. El lugar
exacto de sospecha de la lesion nos ha llevado a realizar 2-D electroforesis y Western
Blot, con extractos de proteinas de las raices anterior y dorsal. De esta forma hemos
sido capaces de detectar la reactividad IgM pero no la reactividad de IgG a P2 en el
suero del paciente. La IgM del paciente también reacciond con el péptido sintético
P220-45 mediante ELISA, pero no con otros péptidos, especialmente P240-65 y P260-
85 que cubre la secuencia neuritogenic 58-81. La ausencia de reactividad de los otros
péptidos podria ser debido a la pérdida de epitopos conformacionales de la proteina. El
hecho de que los resultados de ELISA confirmaran nuestros hallazgos a través de La 2-
D / Banco Mundial refuerza la utilidad de este método como una herramienta poderosa
para un cribado de alto rendimiento de potenciales dianas antigénicas en pacientes con

sospecha de neuropatia inmunomediada.

Se ha sugerido que proteinas de la mielina del nervio periférico como P2, junto con POy
PMP22, podrian ser un objetivo del ataque inmune en polirradiculoneuropatias
desmilinizantes adquiridas. Anticuerpos IgM anti-P2 de la especie bovina, también
fueron encontrados en pacientes con CIDP 35. Recientemente se han encontrado una
alta proporcion de anticuerpos IgG contra P214-25, pero no P261-70, en los pacientes

con SGB en el pico de la enfermedad (7).

Nuestros datos amplian el espectro en las neuropatias disinmunes adquiridas y sugieren
que la reactividad contra las proteinas de la mielina pueden estar relacionados con una
implicacion sobre todo radicular de una presentacidon clinica de ataxia sensitiva y
alteracion motora que se asemeja clinicamente CIDP. Estos datos también apoyan el
papel de la inmunidad de células B contra diferentes proteinas de la mielina de la
mielina glicoproteina asociada (MAG) o los ganglidsidos en esta neuropatia. Nuestros
resultados sugieren que una definicion precisa clinica y electrofisioldgica en
combinacion con 2-D electroforesis y “Western Blot”, podria ser un método util para
detectar antigenos neuronales en pacientes con neuropatias de IgM en la que no se
identifica ninguna reaccion antineural por otros métodos y puede ayudar a guiar la

busqueda de antigenos candidatos y definir la correlacion clinico-inmunologica.
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Articulo II1: “Proteomics Identification of Differentially Expressed Proteins in the
Muscle of Dysferlin Myopathy Patients”. Proteomics Clinical Applications 2008

38(1):933-8

Carolina De la Torre, Isabel Illa, Georgine Faulkner, Laura Soria, Rene Robles-Cedeflo,

Raul Dominguez-Perles, Noemi De Luna, Eduard Gallardo.

La aplicacién de la protedmica como herramienta de estudio en el estudio del musculo
esquelético de pacientes con distintas distrofias musculares puede ser de utilidad para
identificar patrones de expresion proteica comunes a todas las distrofias musculares en
contraposicion a aquellos especificos para cada una de ellas. Los resultados pueden ser
de utilidad para un mejor conocimiento de la patogenia de estas enfermedades y para la

identificacion de posibles dianas terapéuticas.

Mapas de alta resolucion de biopsias de triceps de pacientes con distintas distrofias
musculares (FSHD, disferlinopatia y calpainopatia) y controles sanos fueron realizados.
A partir de estos se detectaron alrededor de 1.500 puntos en cada gel (Fig. 1). Para
determinar la variacion bioldgica en la expresion de proteinas entre las distrofias
musculares mencionadas y los controles sanos, se realizd un agrupamiento jerarquico
que organizaba las proteinas por homologias, en el que se detectaron 200 proteinas que
mostraban cambios mads significativos utilizando el promedio de los niveles de
expresion de cada una de ellas. Este analisis permiti6 identificar un patrén de expresion
de proteinas especificas para las disferlinopatias (Fig. 2, Tabla 3) y distinguirlos de los
cambios que parecen ser comunes a todas las formas de distrofia muscular estudiados

(Tabla 2).

Las proteinas que se encontraron diferencialmente expresadas en disferlinopatias se

agruparon de acuerdo a su funcion en el musculo esquelético.

Se observo a nivel de proteinas miofibrilares una expresion incrementada de miotilina
(spot 22.091), proteina que participa en el ensamblaje y la estabilizacion del disco Z

[15]. La proteina ankyrin repeat 2 (Ankrd2) (punto 21,944, 21,970), también conocida
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como Arpp; es una proteina sarcomérica que puede interactuar con otras proteinas
sarcoméricas o con proteinas nucleares. La actinin-associated-LIM protein (ALP) (spot
22062, 23241,21984) pertenece a una familia de proteinas del citoesqueleto que se
define por la presencia de un dominio N-terminal de PDZ (un moédulo de interaccion
proteina-proteina) y un dominio LIM en el extremo C-terminal [16]. Todas estas
proteinas estan sobre expresadas en pacientes con LGMD2B junto con la “myosin
regulatory light chain 2”7 (spot 21.940) y la troponina T1 lenta (punto 22,228). La
sobreexpresion de myotilina, Ankrd2 y ALP fue confirmado por Western blot (Fig. 3).

A nivel de las proteinas involucradas en el tipo de fibra muscular, se observod
incremento en la expresion de diferentes formas fosforiladas de la troponina T lenta
(puntos 7625, 7624, 7571, 6549), la tropomiosina 2 (beta) isoforma 1 (8636) y
tropomiosina (8635). Por el contrario, hemos encontrado una expresion reducida de la
cadena ligera de la proteina reguladora 2 de la miosina rapida (punto 8330, 8328) (Fig.
4, cuadro 4).

La inmunohistoquimica para la miosina rapida y lenta mostré un predominio de fibras
tipo I en pacientes con disferlinopatia en comparacion con los controles (Fig. 5 A), que
aumentaba significativamente con la progresion de la enfermedad (rho de Spearman
test, p = 0,042) (Fig. 5 B y C). Por el contrario, en pacientes con FSHD se observé un
predominio de las fibras de tipo II que aumentaba con la progresion de la enfermedad
con un coeficiente rho de -0.700 (p = 0,188), lo que indica una tendencia hacia la

conversion de fibras tipo I a tipo II (Fig. 5 D).

En los pacientes con LGMD2A, también encontramos un predominio de fibras tipo |
con la progresion de la enfermedad, como habian reportado previamente Fardeau y col.
[17], aunque no fue tan marcada como en los pacientes con miopatia disferlina (p =
0,125) (Fig. SE). En estos pacientes se observaron grupos de atrofia de fibras tipo II,
mientras que las fibras tipo I mostraban un didmetro aumentado. De hecho, en el trabajo
original de Fardeau y colaboradores, describian que el diametro de las fibras de tipo II,
aunque era normal en los pacientes menos afectados que tendian a disminuir en los mas

afectados [17].



Estos datos sugieren que como ocurre en la DMD, en la LGMD2A el predominio de
fibras tipo I puede ser debido a una atrofia mas importante de las fibras de tipo II (ver
figura 5D). Por el contrario, en los pacientes con disferlinopatia no hemos encontrado
cambios estadisticamente significativos en el diametro de la fibra que pudiesen indicar

una atrofia selectiva de las fibras de tipo II (Wilcoxon test, p = 0.5 y T-test p = 0,263).

Las proteinas relacionadas con el metabolismo energético de estos pacientes con
disferlinopatia, se observd un aumento en la expresion de fosfopiruvato hidratasa (spot
23349), enzima involucrada en la glucolisis. También hemos encontrado un aumento de
expresion de la anhidrasa carbdnica III (punto 24 052) y de la proteina de unién a acidos
grasos ‘“‘fatty acid- binding protein” (punto 22035), que participan en el metabolismo

aerdbico y que se expresan principalmente en las fibras tipo I del musculo.

El estrés oxidativo en estos pacientes con disferlinopatia, se encuentra alterado, al
detectarse: Un aumento en la expresion de la 6-fosfoglucolactonasa “6-
phosphogluconolactonasa” (punto 22,148), una enzima de la via fosfato pentosa que
sirve para generar NADPH y prevenir asi el estrés oxidativo. El andlisis
fosfoprotedmico mostré un incremento en la expresion de diferentes formas fosforiladas
de la chaperona de choque térmico beta 1 (HspB1) también conocida como “Heat shock
protein —beta 1” (HSP27) (puntos 7563, 6547, 6545) en las biopsias musculares de

pacientes con disferlinopatia.

El analisis mediante electroforesis bidimensional (punto 22,603) y la posterior
confirmacion por técnicas de “Western Blot” (Fig. 3), mostraron un modesto aumento
de la expresion del inhibidor de la disociacion de GDP (Rho-GDI) en pacientes con
disferlinopatia. Esta proteina estd implicada en la dinamica reorganizacion de los

filamentos de actina del citoesqueleto [18].

En los pacientes con disferlinopatia se encontré un aumento de la expresion de la
proteina TRIM 72 (punto 21,949), que pertenece a la familia de proteinas que presentan
un motivo tripartito (MIC). Esta proteina presenta tres dominios estructurales (ZNF-
RING, ZNF-Bbox, RCPT SPRY), lo que sugeriria que puede participar en la regulacion
transcripcional, el crecimiento celular, diferenciacion, apoptosis y ubiquitinacion. (Fig.

4).
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Discusidn articulo 3

En este estudio hemos investigado el proteoma del musculo de los pacientes con
disferlinopatia en comparacion con el de pacientes con LGMD2A, FSHD vy controles.
Hemos identificado una serie de proteinas que se expresan diferencialmente en los
musculos sin disferlina. También hemos encontrado proteinas que se expresan
diferencialmente en las tres distrofias musculares, en comparacion con controles sanos.
Estas proteinas estin probablemente implicadas en los procesos celulares que son
comunes a la mayoria de distrofias musculares y que por tanto podrian enmascarar

mecanismos especificos.

Hemos observado un incremento en la expresion de las proteinas correspondientes a las
proteinas contractiles especificas de fibras musculares tipo I (cadena ligera de la
miosina reguladora 2, troponina T1 lenta, formas fosforiladas de la troponina T lenta),
lo que sugiere un proceso de transicion de fibras rapidas a lentas en estos pacientes. En
un estudio en el que se compararon sélo pacientes con LGMD2B y controles observaron
resultados similares [6]. Fanin y colaboradores observaron un predominio de fibras tipo
I superior al 80% en pacientes con disferlinopatia y sugerian que o bien habia una
pérdida selectiva de fibras tipo II o bien un proceso de conversion a fibras tipo I sin

concluir cual era realmente el proceso [19].

El gen de la Ankrd2, que codifica para una proteina de unidn a titina, se activa por
estiramiento muscular, se asocia a musculos con fenotipo lento y es parte de una via de
sefalizacion diferente a lo que se encuentra implicada en la hipertrofia muscular. Por
otra parte, los mismos autores encontraron una disminucion de expresion de Ankrd2 en
el musculo soleo de rata desnervado, produciéndose un cambio hacia el fenotipo

muscular rapido [20].

El aumento de los niveles de Ankrd2 que hemos encontrado en pacientes con miopatia
disferlina sugiere que efectivamente hay un cambio activo a fibras tipo I en lugar de una
pérdida de las fibras de tipo II. Ademas, también encontramos un aumento de expresion

de las enzimas implicadas en el metabolismo oxidativo, tales como la anhidrasa



carbénica III, la proteina de union a 4acidos grasos, y fosfopiruvato hidratasa.
Finalmente, también observamos una sobreexpresion de “Heat Shock Protein 27 (HSP
27) y miotilina. La conversion a fibras tipo I mas resistentes a fatiga depende, entre
otros factores, de la sobreexpresion de chaperonas (por ejemplo, HSP 27) para la
estabilizacion de las proteinas miofibrilares durante el proceso de transicion de fibra

rapida a lenta. [21, 22].

Es bien sabido que las fibras musculares de tipo II son mas susceptibles al fendémeno de
contraccion muscular que las de tipo I [23] ya que se contraen de forma fasica en
rafagas [24]. En ausencia de disferlina, las fibras de tipo II repararian de forma menos
eficiente porque no podrian hacer frente a una rotura masiva del sarcolema. Es tentador
proponer que el cambio a las fibras tipo I a principios de la enfermedad podria tener un
efecto protector para el musculo esquelético y podria ralentizar la progresion de la
disferlinopatia. De forma preventiva podria provocarse la conversion de fibras tipo II a
tipo I. Asi, se ha reportado que la estimulacion crénica de baja frecuencia induce
cambios en la expresion del proteoma que promueven un proceso de transicion de fibras
rapidas a lentas [22]. Asimismo, puede inducirse un aumento en el numero de fibras
tipo I utilizando agonistas especificos del receptor-delta del proliferador de peroxisomas

activado [25].

En la DMD también hay un predominio de fibras tipo I, pero no parece estar
relacionado con la progresion de la enfermedad como observamos en las
disferlinopatias [26]. Los mismos autores encontraron que el didmetro medio de las
fibras tipo 2 era significativamente mayor que el de las fibras tipo I. En un estudio
anterior, los autores encontraron que en la DMD las fibras musculares rapidas se afectan

de forma preferente y son las primeras en degenerar [27].

En un estudio realizado con biopsias de pacientes con FSHD, los autores realizaron
electroforesis 2-D [8] y encontraron datos de una transicion de un fenotipo glicolitico
(tipo II) a un fenotipo muscular oxidativo (tipo I). Sin embargo, el recuento de fibras
reveld que en la mayoria de los pacientes el porcentaje de cada tipo de fibra se acercaba
al 50% de cada tipo y no se observaba correlacion con la progresion de la enfermedad
(de hecho el paciente mas joven mostraba un mayor porcentaje de fibras tipo I). De

hecho, aunque el numero de pacientes es bajo, realizamos un test de “Spearman Rho”
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con las biopsias musculares de nuestros pacientes y observamos que mientras que en la
disferlinopatia existe una correlacion entre el numero de fibras tipo [ y los afios de
progresion de la enfermedad (coeficiente de correlacion = 0,829, p = 0,042), en los
pacientes con FSDH el coeficiente fue de -0,700, lo que indica una tendencia hacia la

conversion de tipo II.

Tampoco encontramos cambios estadisticamente significativos en el didmetro de la
fibras que indicara una atrofia selectiva de las fibras de tipo II en pacientes con

disferlinopatia (Wilcoxon test, p = 0.5 y T-test p = 0,263).

La conversion de un tipo de fibra a otro también puede observarse en otras condiciones
fisiologicas. En los trastornos neurogénicos el cambio de un tipo a otro se debe a la
nueva inervacion de la fibra. Las fibras reinervadas forman grupos de fibras tanto de
tipo I como de tipo II en la misma muestra. La agrupacion de fibras musculares puede
observarse tanto para las fibras rapidas como lentas y no depende sélo del propio
musculo, sino también de la neurona motora que inerva una fibra muscular especifica.
Ademads, en las situaciones de desuso muscular, el cambio del tipo de fibra es
normalmente de tipo I (contraccion lenta) a tipo II (contraccidon rapida) [28].
Finalmente, los estudios relacionados con los cambios en los tipos de fibras musculares
asociados a la edad proponen que, en general, se observa un predominio de fibras tipo |
que podria ser debido a una pérdida o atrofia de las fibras de tipo II, pero no a una

conversion del tipo de fibra [29].

El aumento de los niveles de miotilina en pacientes con disferlinopatia podria favorecer
el ensamblaje, mantenimiento y / o la funcién del disco Z [30] durante la transicion a
fibras de tipo I. Sin embargo, el aumento en los niveles de miotilina puede ser también
debido al hecho de que las fibras tipo I tienen un mayor numero de discos Z que las

fibras de tipo II [31].

También encontramos que el inhibidor de Rho-GD estd aumentado en las
disferlinopatias. De hecho la sobreexpresion de Rho GDI en la linea celular C2C12
(musculo murino) la diferenciacion a miotubo esta afectaba con una reduccion
importante de los niveles de expresion de ARNm de miogenina [32]. De acuerdo con

estos resultados, un estudio previo realizado en nuestro laboratorio mostraba que los



miotubos de pacientes con déficit de disferlina presentaban una diferenciacién andmala
y mostraban niveles muy bajos de miogenina [33]. Por el contrario, hemos encontrado
una sobreexpresion de la proteina ALP. Se ha observado que, utilizando la tecnologia de
ARN antisentido, la alteracion de la expresion de ALP afecta la expresion de miogenina
y como consecuencia la diferenciacion muscular. [34]. Nuestros resultados sugieren que
tal vez la sobreexpresion de ALP en disfelinopatias representaria un intento de restaurar
la diferenciacién muscular y confirma que, incluso en el musculo esquelético adulto las

proteinas implicadas en diferenciacién muscular estan desreguladas.

Por ultimo, también hemos observado que la proteina Trim 72 estd aumentada en
disferlinopatias. Trim 72 pertenece al grupo de la familia de proteinas que tiene motivos
tripartito (TRIM / GR), ésta especificamente tiene tres dominios estructurales, dominios
de dedos de zinc en forma de anillo, un dedo de zinc de tipo “B-box”’ y B30 de dominio
2/SPRY. Trim 32 pertenece a la misma familia de proteinas y también se expresa en el
musculo esquelético. Esta proteina se puede inducir en procesos de descarga y recarga
muscular, asociados con las miofibrillas y es capaz de ubiquitinar la actina, lo que
sugiere su probable participacion en la remodelacion de la proteina miofibrilares,
especialmente durante la adaptacion de los musculos [35]. Las mutaciones en Trim 32

se han asociado con la extremidad cinturon tipo de distrofia muscular 2H [36].

El alto grado de homologia entre estas dos proteinas indica que ellos pueden compartir
funciones similares, lo que sugiere que Trim 72 también puede participar en la
remodelacion del muasculo esquelético debido a la conversion del tipo de fibra. Ademas,
una actividad mayor en la ubiquitinacion de proteinas mal plegadas por Trim 72 puede
explicar el hecho de que en la mayoria de los pacientes con mutaciones en el gen de la
disferlina, los niveles de expresion de la disferlina estén ausentes o sean muy reducidos.
Sin embargo, en el momento de publicar nuestro articulo (afio 2009) aparecieron los
primeros articulos en los que se estudiaba de forma mas detallada la funcion de la

proteina Trim 72, también llamada MG53 o mitsugumina.

La translocacion de vesiculas intracelulares y la fusion de membranas dependiente de
Ca2+ son pasos distintos implicados en la reparacion de membrana después de un daiio.
MGS53 iniciaria el ensamblaje de la maquinaria de reparacion de membrana por un

proceso dependiente de oxidacion [117]. Los mismos autores demostraron que el
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complejo molecular formado por MG53, disferlina, y caveolina-3 es esencial para la

reparacion de la membrana muscular dafiada y constituiria una diana terapéutica para el

tratamiento de distrofias musculares en las que est¢ comprometida la reparacion de

membrana[118]. Asi pues, fuimos capaces de describir la sobrexpresion diferencial de

esta proteina en las disferlinopatias mediante 2D-E seguida de MS incluso antes de que

se conociera su funcion en reparaciéon de membrana muscular.

Estos resultados junto a los descritos en nuestro trabajo sugieren que TRIM72 es

necesaria para el transporte de disferlina a los sitios de lesion de las células durante la

formacion de parches de reparacion. Por ello la sobreexpresion estaria para intentar

compensar la ausencia de disferlina en estos pacientes, proteina implicada en la

reparacion del sarcolema.

Table 1. Patients information

PROGRESSION
PATIENTS AGE OF DISEASE MUTATION MUSCLE SIF % FIBER SLOW

Control 35 0 Soleus 63/37 63
Control 23 1] Triceps T4/26 74
Control 47 0 Triceps 44/56 a4
Control 38 0 Quadriceps ~ 49/51 49
Control 43 0 Quadriceps  33/67 33
Control 36 0 Triceps 42/58 42
LGM2B 16 1 Homozygosis: PG1628 R Triceps 59/41 59
LGM2B 76 45 Homozygosis: RA59W Triceps 84/16 a4
LGM2B 49 5 Homozygosis:R1811 Triceps 7624 76
LGM2B 30 2 Homozygosis: E1994RfsX3 Quadriceps  44/66 a4
MM 54 12 Homozygosis:R1720L Triceps 86/14 a5
MM 63 6 Heterozygosis:Mut 1:E1732X Mut 2: R2000Q Triceps 69/31 69
LGM2A 23 5 Homozygosis: 2362AG - TCATCT (exon 22) Triceps 17/83 17
LGM2A 23 6 Heterozygosis:Mut 1: 2362AG -TCATCT Mut 2: 802-9G>A Triceps 51/49 51
LGM2A 30 8 Heterozygosis:Mut 1: R448C Mut 2: Q564X Quadriceps  42/58 42
LGM2A 46 28 Homozygosis: P.(Arg490Trp) exdn 11 Soleus 47/53 47
LGM2A 51 9 Heterozygosis: Mut1: P.(Arg490Tm) exdn 11 Mut2:P (Glu622GlyfsX9) Triceps 59/41 59
LGM2A 35 5 Heterozygosis: Mut1: Lys 487_Asnd88delinsAsnHis exdn 11 Mut2:C.1992+1G>T exdn 17 Triceps 2278 22
FSHD 42 22 Fragment delation of 34 kb Triceps 2377 23
FSHD 40 20 Fragment deletion of 34 kb Triceps 36/64 36
FSHD 62 8 Fragment deletion of 28 kb Triceps 2278 22
FSHD 35 7 Fragment deletion of 34 kb Quadriceps  38/62 38
FSHD 20 3 Fragment deletion of 15 kb Quadriceps _ 47/53 a7

Tabla 1. Informacion general de los pacientes utilizados para el estudio de perfil de expresion proteica.



Table 2. Proteins equally exp iin all the dystrophies studied. Mascot search scores are shown for the top match and, in parenthesis, for the highest ranked hit to a non-
homologous protein. "Matched peptides” column shows the number of peptides matching to the top-match protein and, in parenthesis, the number of unmatched peptides in the spectra.

SpathN Identification ¥ acces Mascot Score Matched lides Sequence Cove Function Control Dysfarlin-/-
22669  Fructose -biphosphate aldolase ALDOA_HUMAN 119 15(59) 46.8 1 09
23348 Phosphopyruvate hydratase (EC 4.2.1.11) beta-Human  S06756 169 23 (65) 463 i i 1 0.8
22056  Hypothetical Protein, Similarity Heat Shock Protein Q96C20_HUMAN 88 7 (45) 351 8 1 35
23352 Carbonic anhydrase Ill (EC 4.2.1.1 CAH3_HUMAN 114 10 (47 378 1 0.9
22761 Myosin light chain 1, Skeletal muscle isoform (MLCF1) MLE1_HUMAN 13 12 (41) 451 1 0.3
22784  Troponin T1, Skeletal, Slow AAH22086 88 13 (46) 242 1 06
22054  Myosin regulatory light chain 2 QOEC20_HUMAN 91 8 (44) 52.1 1 1.2
23355  Myosin light polypeptide 3 MYL3_HUMAN a7 7 (48) 38.7 1 0.3
22016 Myosin light polypeptide 3 MYL3_HUMAN 120 12 (48) 57.7 Myofibiliar Proteins 1 14
22166 Actin alpha, skeletal muscle A24904 129 16 (51) 456 7 1 07
222M Actin alpha, skeletal muscle A24904 102 10(39) 42.7 1 0.6
22772 Actin gamma, smooth muscle ATCHSM &1 7 (44) 26.3 1 0.3
23360  Actin, alpha 1, skeletal muscle QsTEM7 &1 5(39) 13.5 1 0.3

221131 Alpha-crystallin chain B CYHUAB 94 8 (52 42.9 1 0.8
21920 tein-L-isoas, D-aspartate) O nsferase  JHOG24 a7 9 (50) 436 Repair 1 0.8

Tabla 2 Proteinas expresadas diferencialmente del musculo control pero expresadas igual en todas

las distrofias musculares estudiadas.

Table 4. Phosphorylated proteins diff ially exp 1in the muscular dystrophies studied
: Fold Change
m N Identification # acces Mascot Score Malched Peplides Sequence Coverage® Control Mh == Camln <= FSHD
8636  Tropomyosin 2 (beta) Isoform 1 gi 339956 74 6(19) 16 1 313.96 0.92 148
8635  Skeletal Muscle Tropomyosin gi 42476296 84 6(4) 18 1 210.45 0.92 148
8331 Myosin regulatory light chain 2 Isoform Fast gi 28372499 a7 8(16) 55 1 457 7.78 18.52
8330  Human fast Skeletal Myosin light Chain 2 gi 34846 93 9(20) 62 1 23 351 9.57
8328 Myosin regulatory light chain 2 Isoform Fast MLRS_Human 121 12 (13) 68 1 0.7 2.86 4.78
8326  slow Cardiac Regulatory Light Chain 2 gi 94981553 129 12(19) 76 1 0.52 1.84 0.52
7625°  Troponin T, Slow skeletal Muscle (TnTs) gi 339783 146 4 18 1 115.12 0.92 1.48
7624*  Troponin T , Slow skeletal Muscle (TnTs) gi 339783 87 3 12 1 47 0.92 148
7571"  Troponin T, Slow skeletal Muscle (TnTs) gi 339783 105 4 15 1 168.57 092 1.48
7566 Homebaox Protein TGIF2LX TF2LY_HUMAN 63 3(2) 20 1 1.83 0.01 0.02
7563 Heat Shock Protein beta 1 (HsPB1) HSPE1_HUMAN 9 5(8) 28 1 4.47 1.29 189
6549  Troponin T, Slow skeletal Muscle (TnTs) TNNT1_HUMAN 78 5(2) 17 1 60.43 092 148
6547  Heat Shock Protein beta 1 (HsPB1) HSPE1_HUMAN 60 3(3) 17 1 183 119 1.06
6545  Heat Shock Protein beta 1 (HsPB1) HSPB1_HUMAN 88 5(10) 28 1 432 035 1.85
6544A  Heat Shock Protein beta 1 (HsPB1) Mixture 1 HSPE1_HUMAN 165 10 (8) 32 1 0.69 194 1.15
65448 NADH del enase ubiquinone NDUS3 Human_ Mixture 2 NDUS3 HUMAN 165 10 (8) 19 1 0.69 1.94 1.15
Tabla 3. Proteinas diferencialmente expresadas en pacientes con disferlinopatia
Table 3. Proteins diff ially d in dysferlin myopathy. Mascot search scores are shown for the top match and, in parenthesis, for the highest ranked hit to a non-homelogous protein.
“Matched peptides” column shows the number of pepti ing to the top-match protein and, in p is, the number of ur peptidesin th ir.

# acces Maseot Score Matched ides nce Function Control erlin -/
AAH14006 80 8 (29] 36.4 Energy Metabalism 1 1.6

22603 Rho-GDP-dissociation inhibitor Ly-GDI - human

22228  Troponin T1, Skeletal , Slow AAH22086 11 (15)
22036 Myosin regulatory light chain 2, ventricular/cardiac muscle isoform (MLC-2) MLRV_HUMAN 19 (38)
21940 n lal [ chain 2

Tabla 4. Proteinas fosforiladas expresadas diferencialmente en las distrofias musculares estudiadas.
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Leyenda de Figuras

Fig.1 Anélisis protedmico comparativo mediante el uso de electroforesis bidimensional (2-D PAGE), a
partir de extractos musculares del mismo musculo (triceps) entre las distintas distrofias musculares. El
isoelectroenfoque (IEF) de las proteinas se realizo con tiras 17 c¢cm tiras IPG, con un rango de pl de 4-7 .
(A) Los musculos de controles sanos, (B) musculos de pacientes con disferlinopatia, (C) musculos de
pacientes con distrofia muscular de FSH, (D) musculos de pacientes con calpainopatia. Después del
andlisis de imdgenes de los geles los puntos de interés fueron identificados mediante espectrometria de
masas. La numeracion de los puntos se correlaciona con la lista de proteinas identificadas y que estan

presentes en la tabla 4.



0.75 0.6 0.45 0.3 0.5

133: CONTROL

134: CONTROL

131 LGMD 2A

132: LGMD 2A

137: FSHD

138: FSHD

135: LGMD 2B

136: LGMD 2B

Fig 2. Analisis estadistico” Hierachical Clustering” de agrupacion jerarquica de las proteinas por

homologias. Realizado en los los perfiles protedémicos de las distrofias musculares. La comparacién de

los perfiles protedmicos de las distintas distrofias musculares y controles sanos mostro un grupo de

proteinas expresadas diferencialmente en LGMD2B. Se realizo la agrupacion con los siguientes valores

con el software Ludesi 2D intérprete (www.ludesi.com): extraccion de proteinas método ANOVA, el

nimero de proteinas-100, el promedio de volumen de 500 unidades, prueba de tipo tren-y-test.

57 kDa

37 kDa

37 kDa

25 kDa

Zm s ™

Myotilin

Ankrd 2 N-terminal

Actinin-LIM protein

Rho-GDI

Loading control

Fig 3. Validacion de los patrones de expresion diferencial de proteinas observado por electroforesis

bidimensional mediante “Western blot”. En todas las muestra del homogenizado de musculo (triceps)

se cargo la misma concentracion de proteinas (1) control, (2) LGMD2B, (3) FSHD, (4) LGMD2A.
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Fig. 4. Perfil de analisis comparativo de proteinas

fosforiladas mediante técnicas de electroforesis

aazaﬂ
8330

a&:m bidimensional seguida de la tincidn especifica para

8328 . . .
proteinas fosforiladas (Pro-Q diamon). (AB)

representante de geles 2-D de los controles sanos,
(CD) LGMD2B, (EF) FSHDy (GH) LGMD2A.

Los resultados se muestran en la tabla 3.

Fig. 5. Analisis inmunohistoquimico de las
isoformas de la miosina rapidas y lentas de
cadena ligera, en diferentes distrofias
musculares. (A) de control sanos, (B)
LGMD2B (22 aflos de evolucién), (C)
LGMD2B (5 progresion afios), (D) FSHD (22
afios de evolucion) (E) LGMD2A (progresion
de 5 afios). El porcentaje de fibras lentas (la
luz) es mayor en pacientes con LGMD2B (B y
C) en comparacion con el control (A) y FSH

(D) y LGMD2A (E)



8. Discusion Global

El estudio de las enfermedades neuromusculares es complejo dada la gran variedad de
estas patologias. Todas las herramientas que puedan implementarse para su estudio son
un paso importante para poder abordar los mecanismos patogénicos involucrados en
ellas. Esta tesis doctoral muestra como el estudio del perfil de expresion proteico
mediante la aplicacion de técnicas de protedmica tiene utilidad en el estudio de las
enfermedades neuromusculares. Los resultados de este trabajo han aportado nuevos
datos sobre la patogenia de estas enfermedades, su utilidad en el diagnostico con la
identificacion de biomarcadores asi como los cambios producidos en el proteoma tras
una intervencion terapéutica. Es importante tener en cuenta que este trabajo se ha
realizado en su totalidad con muestras humanas. Este hecho de por si ya importante
tiene un valor afiadido en este tipo de enfermedades clasificadas como raras por su baja
frecuencia. A esto hemos de afiadir que para dar robustez a los resultados se ha
intentado trabajar siempre con muestras que fueran de pacientes de edades similares, del
mismo sexo y en la medida de lo posible con una evoluciéon de la enfermedad similar.
Por tanto, la tarea de recoleccion de las muestras ha sido clave para obtener resultados
interesantes en los trabajos que se recogen en esta tesis.

Desde el inicio de esta tesis la tecnologia protedmica ha evolucionado de forma
vertiginosa con la implementacion de nuevas técnicas de cuantificacion masiva de
proteinas (ICAT, iTRAQ, SILAC, etc). Es por ello que algunas de las aproximaciones
abordadas en esta tesis, en el dia de hoy se realizarian de forma distinta, aunque no por
ello restan en absoluto validez a lo que aqui se muestra. Por otra parte, la utilizacion de
geles bidimensionales combinados con técnicas de Western-Blot sigue siendo utilizada
en la actualidad tanto en nuestro laboratorio, para la identificacion de nuevos
autoantigenos en patologia neuromuscular inmunomediada, como en otros laboratorios

para la identificacion, por ejemplo, de nuevos alérgenos.
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9. Conclusiones

Articulo I

El aumento de la tasa de proliferacion los fibroblastos, de forma independiente al
efecto de factores séricos, es clave en la patogenia del escleromixedema y puede ser
revertida de manera prolongada, mediante el tratamiento con BEAM (BCNU,
etopdsido, citarabina (Ara-C) y melfalan) y un trasplante de células madres

autdlogas (ASCT).

Articulo IT

El diagnostico clinico y electrofisiologico preciso, en combinacion con la
electroforesis bidimensional y posterior “Western blot”, puede ser un método util
para detectar antigenos diana en pacientes con neuropatia periferica con banda

monoclonal.

Articulo I

Nuestros resultados sugieren que en las la disferlinopatias: 1) El musculo
esqueletico sufre un proceso activo de conversion de fibras a tipo I (contraccion
lenta) a lo largo de la progresion de la enfermedad que puede constituir un
mecanismo de proteccion frente a las lesiones del sarcolema durante la contraccion
muscular 'y 2) Se observa una desregulacion de la expresion de proteinas

implicadas en las vias de diferenciacion muscular.
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Table 1. Histochemical analysis (NSE) and FISH of LTCs from 9 patients with MDS

Long-term marrow cultures

MDS marker % FISH false positive,

Patient no. chromosome Mean +3 SD % NSE* cells % FISH* cells
1 50— 3.8 0.9 0.5
2 5q— 3.8 0.0 2.3
3 59— 3.8 0.5 41
4 -7 3.5 5.4 1.5
5 79— 5.7 7.8 2.5
6 79— 5.7 4.4 2.0
7 +8 2.1 0.4 6.5
8 +8 21 0.8 0.5
9 59— 3.8 1.4 1.0

-7 3.5 1.4 5.0

The cytogenetic marker specific for the MDS clone from each of 9 patients is listed together with the false-positive rate for the probe used to label that chromosome marker.
Each of these background levels was determined with cells from 6 healthy individuals. The macrophage component of the LTC was estimated by the percentage of
NSE-positive cells. A previous study showed that NSE is comparable to labeling with CD14 or CD45 for detecting the macrophage component of LTC.5 The data indicate that,
with the exception of patient no. 7, the percentage of LTC cells derived from the MDS clone can be accounted for by the combination of macrophages and background levels of
the FISH probe. In patient no. 7, we noted an unusual retention of myelocytes in the LTC, which explains the higher percentage of clonally marked cells.

this issue directly, we analyzed LTCs established from 9 patients
with MDSs. LTCs were cultured for 6 to 9 weeks before cells were
harvested and cytocentrifuged onto glass slides. The percentage of
macrophages was determined by staining with NSE. FISH was then
performed on duplicate slides to determine the percentage of
clonally marked cells. In every case except 1, the percent of
clonally marked cells in the LTCs did not exceed that which could
be accounted for by the combination of macrophages and back-
ground levels for FISH (Table 1). In case no. 7, we noted an
unusual retention of myelocytes in the LTC, which probably
contributed to the increased percentage of clonally marked cells
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To the editor:

Steady remission of scleromyxedema 3 years after autologous stem cell transplantation: an

in vivo and in vitro study

We successfully treated a 66-year-old patient with life-threatening
scleromyxedema and an immunoglobulin G (IgG) lambda monoclo-
nal spike with the BEAM regimen (BCNU, etoposide, cytarabine
[Ara-C], and melphalan) and autologous stem cell transplantation
(ASCT). Six months later, he had fully recovered, and at 3 years he
is still asymptomatic without any other treatment, while the IgG
lambda monoclonal spike is still detectable.

ASCT following treatment with high-dose melphalan alone ap-
peared effective in 3 previous reports,!- although in several cases, skin
lesions relapsed and had to be retreated with melphalan.

To understand the mechanisms involved in the impressive steady
remission of our patient, we performed an in vitro study using the
patient’s fibroblasts before and after treatment. The assays demonstrated
abnormal proliferation of fibroblasts before ASCT (8879 = 398 [SD]
counts per minute [cpm]) independently of soluble factors or immuno-
globulins. Importantly, proliferation normalized to rates similar to that of

controls (2853 % 398 cpm) in the fibroblasts from a skin biopsy after
ASCT (856 = 90 cpm). We also incubated pre-ASCT fibroblasts with
the different conditioning drugs. The proliferation reversed, after a
4-week washout, from 18 844 cpm in the untreated cultures to 1118 cpm
in cultures treated with BCNU, 584.8 cpm in cultures treated with
Ara-C, and 1059 cpm in cultures treated with melphalan. Previous
studies using fibroblast primary cultures suggested that a serum factor
stimulates fibroblasts proliferation.* It has been reported that elimination
of the monoclonal band was the cause of the improvement,! although
the isolated IgG fraction showed no stimulatory activity in a different
study.’ Our patient recovered completely, although the gammopathy
remains present.

We performed a 2-dimensional (2D) analysis (BioRad, Palo Alto,
CA) using fibroblast extracts from all of the previously described
conditions. The Ludesi-2D Interpreter software (Ludesi, Lund, Sweden)
was used for image analysis, and selected spots were analyzed using a
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matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF,
Brukker Ultraflex, Bremen, Germany) mass spectrometer. We found
several proteins that were differentially expressed between pre-ASCT
and control fibroblasts. Proteins involved in growth suppression (Figure
1Aii,v,viii) were down-regulated (MnSOD,® 28-fold decrease; Cu/Zn
SOD1,7 absent) in pre-ASCT fibroblasts, whereas those implicated in
increased proliferation were up-regulated (stathmin,? absent; profilin I,
absent; and macrophage inhibitory factor,'” reduced 8.65-fold). After
ASCT (Figure 1Aiii,vi,ix), all proteins that were abnormally down-
regulated or up-regulated reached normal levels (ie, those observed in
control fibroblasts) (Figure 1Ai,iv,vii). Interestingly, we also observed a
reversal of the pre-ASCT fibroblasts’ 2D protein expression profile with
all the drugs tested (Figure 1B).

As our patient is clinically asymptomatic and relapse-free 3 years
after treatment, we propose that the pre-ASCT conditioning regimen
(BEAM), which includes a combination of hypo/hypermethylating
drugs, may help to avoid the relapses observed in patients treated with
melphalan alone. Our results show that (1) the conditioning regimen and
ASCT used in our patient can produce a permanent remission in severe
scleromyxedema; (2) fibroblasts proliferate aberrantly in vitro in pa-
tients with scleromyxedema, and this can be reversed with chemothera-
peutic drugs such as BCNU, Ara-C, and melphalan; and (3) monoclonal
gammopathy, at least in our patient, is not responsible for the fibroblast
proliferation. In conclusion, a constitutive proliferation of fibroblasts,
independent of serum factors, seems to be the key pathologic feature in
scleromyxedema and can be steadily reversed with the BEAM regimen
in severe cases.

Isabel llla, Carolina de la Torre, Ricardo Rojas-Garcia, Antoni Altes, Rafael
Blesa, Jordi Sierra, and Eduard Gallardo

Correspondence: Isabel llla, Department of Neurology, Hospital de Sant Pau,
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Figure 1. Differential expression of proteins associated with cell proliferation
using 2D analysis. (Ai,iv,vii) Control fibroblasts; (ii,v,viii) pretreatment fibroblasts;
(iii,vi,ix) posttreatment fibroblasts. These detailed pictures of the silver-stained gels
demonstrate that protein expression pattern in the patient’s fibroblasts after treatment
mirrors that observed in control fibroblasts. Arrows identify the following proteins: (1)
Cu/Zn SOD; (2) Mn SOD; (3) Profilin I; and (4) MIF. (B) Effect of the different drugs
used in the conditioning procedure on the expression of MNnSOD (arrowheads) in the
patient fibroblasts. All drugs increased the expression of MnSOD in the patient to
levels similar to control fibroblasts. (i) Control fibroblasts; (ii) patient fibroblasts
untreated; (iii-v) patient fibroblasts treated with BCNU (jii), Ara-C (iv), or melphalan (v). All
images were acquired with a GS-800 scanner (BioRad, Palo Alto, CA) and processed with
Adobe Photoshop 7.0 (Barcelona, Spain).

1.

Feasel AM, Donato ML, Duvic M. Complete re-
mission of scleromyxedema following autologous
stem cell transplantation. Arch Dermatol. 2001;
137:1071-1072.

Lacy MQ, Hogan WJ, Gertz MA, et al. Successful
treatment of scleromyxedema with autologous
peripheral blood stem cell transplantation. Arch
Dermatol. 2005;141:1277-1282.

Donato ML, Feasel AM, Weber DM, et al. Scleromyx-
edema: role of high-dose melphalan with autologous
stem cell transplantation. Blood. 2006;107:463-466.
Ferrarini M, Helfrich DJ, Walker ER, Medsger TA
Jr, Whiteside TL. Scleromyxedema serum in-

creases proliferation but not the glycosaminogly-
can synthesis of dermal fibroblasts. J Rheumatol.
1989;16:837-841.

. Harper RA, Rispler J. Lichen myxedematosus

serum stimulates human skin fibroblast prolifera-
tion. Science. 1978;199:545-547.

. Safford SE, Oberley TD, Urano M, St Clair DK. Sup-

pression of fibrosarcoma metastasis by elevated ex-
pression of manganese superoxide dismutase. Can-
cer Res. 1994;54:4261-4265.

. Frank S, Kampfer H, Podda M, Kaufmann R,

Pfeilschifter J. Identification of copper/zinc super-
oxide dismutase as a nitric oxide-regulated gene

in human (HaCaT) keratinocytes: implications for
keratinocyte proliferation. Biochem J. 2000;346:
719-728.

. Rowlands DC, Williams A, Jones NA, et al. Stathmin

expression is a feature of proliferating cells of most, if
not all, cell ineages. Lab Invest. 1995;72:100-113.

. Schiuter K, Jockusch BM, Rothkegel M. Profilins

as regulators of actin dynamics. Biochim Biophys
Acta. 1997;1359:97-109.

. Mitchell RA. Mechanisms and effectors of MIF-

dependent promotion of tumourigenesis. Cell Sig-
nal. 2004;16:13-19.

To the editor:

Deferasirox versus deferoxamine

Cappellini and colleagues' recently published the results of the first
large, randomized phase 3 trial comparing deferoxamine (DFO)
and deferasirox, a trial designed to demonstrate the efficacy of
deferasirox in regularly transfused patients with B-thalassemia.
The efficacy of a drug is its ability to produce a specific effect in a
specific patient population. Effectiveness is a measure of efficacy
in the “real world,” outside the bounds of a randomized clinical
trial; it explores compliance, generalizability, and external valid-
ity.2 DFO is efficacious, but its effectiveness is limited mainly by
poor compliance. It is anticipated that deferasirox, as a once-daily
oral medication, might exhibit improved effectiveness over DFO.

In the trial by Capellini and colleagues, when the primary
end-point analysis failed to prove noninferiority despite adequate
power, the data were reanalyzed using a nonprespecified subgroup
analysis to show noninferiority in those patients with baseline liver
iron concentrations of 7 mg Fe/g dry weight (dw) or higher dosed
with 20 to 30 mg/kg deferasirox, thereby retrospectively excluding
approximately 30% of the patients randomized to the deferasirox
arm. The reported tolerability and safety data, on the other hand,
take into account the entire patient population randomized to take
deferasirox, not the nonprespecified subgroup, in which noninferi-
ority to DFO was demonstrated. In order to provide a better
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CASE REPORT

ABSTRACT: In this study we report a patient with chronic progressive
sensory ataxia, proximal weakness, immunoglobulin M (IgM) monoclonal
gammopathy, and elevated protein levels in the cerebrospinal fluid, who
showed a good response to prednisone. Electrophysiological study dis-
closed abnormalities predominantly of late responses (F waves and H
reflexes), with no evidence of demyelination in the peripheral nerves, sug-
gesting motor and preganglionic sensory nerve roots as the site of the
lesion. An immune-mediated pathogenesis was considered and, to identify
possible target antigens, we performed bidimensional electrophoresis and a
Western blot study. Based on the suspected lesion site, we used human
anterior and posterior root extracts. We identified IgM reactivity against
peripheral nerve myelin protein P2. Enzyme-linked immunosorbent assay
confirmed IgM reactivity toward one synthetic peptide from P2. To our
knowledge, reactivity against P2 has not been reported previously in a
paraproteinemic neuropathy. Furthermore, we demonstrated that bidimen-
sional electrophoresis and Western blot of the tissue involved, as deter-
mined by clinical and electrophysiological studies, may be useful to establish
clinical-immunological correlations in paraproteinemic neuropathies.
Muscle Nerve 3X: 000—000, 2008
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Chronic acquired demyelinating neuropathies may
pose diagnostic challenges due to their clinical, elec-
trophysiological, and immunopathological heteroge-
neity. In addition to classic chronic inflammatory
demyelinating polyradiculoneuropathy (CIDP), sev-
eral variants have been defined based on clinical
features and electrophysiological data.?® In some
cases, the presence of specific immunoreactivity
against target antigens in myelin sheath compo-
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Case Reports

nents, and their association with stereotyped clinical
phenotypes, should be useful for classification. Only
certain variants of these chronic acquired neuropa-
thies are considered distinct conditions and the only
characteristic common to all variants seems to be
their response to immunomodulating therapies.?8

One recent report described a series of patients
with sensory ataxia and selective involvement of the
sensory roots proximal to the dorsal root ganglia.3¢
The condition, named chronic immune sensory
polyradiculopathy, is considered an additional phe-
notype in the spectrum of chronic acquired neurop-
athies.!?2 A possible immunopathogenesis was sup-
ported by pathological data showing inflammatory
changes and also by the response to immunosup-
pressive treatment.

We describe a patient who presented with
chronic, progressive sensory ataxia and proximal
weakness. The presence of an elevated protein con-
centration in the cerebrospinal fluid (CSF) and a
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monoclonal gammopathy, and the response to pred-
nisone therapy, supported an immune pathogenesis.
As clinical and electrophysiological features sug-
gested sensory and motor roots as the predominant
site of involvement, Western blot and electrophore-
sis were used to investigate possible reactivity against
myelin target antigens in human spinal ventral and
dorsal roots.

CASE REPORT

A 72-year-old man presented with marked sensory
ataxia and proximal weakness. Symptoms had ini-
tially appeared 2 months earlier with mild unsteadi-
ness of gait, symmetric onset of paresthesias in the
lower limbs, and distal loss of sensation spreading
proximally to below the knees. Symptoms gradually
worsened, causing severe difficulties in walking. No
other neurological symptoms were present. B-cell
chronic lymphocytic leukemia had been diagnosed 4
years earlier. Immunoglobulin M (IgM) serum levels
were elevated (1260 mg/dl) and immunoelectro-
phoresis showed an IgM-kappa monoclonal gam-
mopathy. Neurological examination revealed severe
gait ataxia and a positive Romberg’s sign. The ten-
don reflexes were absent except for the triceps re-
flex. Mild symmetric weakness of shoulder abduc-
tion and of flexion of elbows and hips was observed
(grade 4 on the Medical Research Council scale).
Sensory loss was predominantly in the lower limbs,
mainly affecting proprioceptive and kinesthetic sen-
sations. Light touch and pinprick sensations were
impaired only slightly. There were no cranial nerve
abnormalities. Speech was normal. CSF protein con-
centration was 155 mg/dl and cell count was 5/mm?,
Cytological analysis showed no malignant cells.

The patient was treated with intravenous immu-
noglobulin (0.4 g/kg), with no benefit. Oral pred-
nisolone was given 5 weeks later (1 mg/kg) and
ambulation returned to normal within 4 weeks.

The following tests were normal or negative: se-
rum vitamin B;, and folate and vitamin E level;
Borrelia burgdoferi, Venereal Disease Research Labo-
ratory, and human immunodeficiency virus serolo-
gies; and anti-Ro and anti-La antibody tests. Onco-
neural antibody assays, including anti-Hu, anti-Yo,
anti-Ri, Anti-Ma2, and anti-CV2, were negative. IgM
and IgG anti-ganglioside antibodies (GM1, GM2,
GM3, GDla, GD1b, GD3, GT1lb, GQIlb) and anti-
sulfatide antibodies were performed as previously
described and were negative.?* Anti-myelin-associ-
ated glycoprotein (anti-MAG) antibodies were deter-
mined by enzyme immune assay test following the
manufacturer’s instructions (Bihlmann Laborato-

2 Case Reports

ries AG, Allschwill, Switzerland) and were also neg-
ative. Thoracoabdominal computerized tomography
scan was normal. Brain and spinal cord imaging was
normal. Magnetic resonance imaging of the cauda
equina did not show hypertrophic nerve roots or
post-gadolinium enhancement.

Electrophysiologic Studies. Pre-treatment electro-
physiological studies showed mild prolongation of
distal motor latencies (DMLs) in the right ulnar and
peroneal nerves, and mild slowing of conduction
velocity (CV) in both peroneal nerves (Table 1).
DML and CV values were not within the demyelina-
tive range according to published criteria.! The
other motor nerve conduction studies showed CV,
DML, and response amplitude values within normal
ranges. There was no evidence of temporal disper-
sion or conduction block in any of the nerves tested.
Sensory nerve conduction studies were normal and
remained normal at 1-year follow-up. Late responses
showed a marked decrease in F-wave persistence in
both peroneal and left tibial nerves. Minimal F-wave
latency was prolonged in all tested nerves in the
lower limbs, but only minimal F-wave latency of the
left tibial nerve fulfilled criteria for primary demyeli-

Table 1. Electrophysiological studies.

Motor nerve conduction studies Normal Right/left
DML (ms)
Ulnar <3.3 3.9/ND
Peroneal <5.0 5.5/4.8
Tibial <6.0 ND/6.0
CV (ms)
Ulnar (below elbow-wrist) >48 48/ND
Peroneal (below knee—ankle) >42 39/39
Tibial (ankle—popliteal fossa) >38 ND/38
Sensory nerve conduction studies
CV (ms)
Superficial peroneal >39 41/ND
Sural >38 42/44
Radial >51 51/ND
SNAP amplitude (uV)
Superficial peroneal >6 10/ND
Sural >5 14/13
Radial >14 19/ND
F-waves
Minimal latency (ms)
Peroneal <57 65.4/56.4
Tibial <57 66.3/72.9
Persistence (%)
Peroneal 20/20
Tibial 94/50

CMAP, compound muscle action potential;, CV, conduction velocity; DML,
distal motor latency; ND, not done; SNAP, sensory nerve action potential.
Values outside of the normal range are indicated in italics. Values inside the
demyelinating range are indicated in bold.
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nation (>125% prolongation of the upper limit of
normal).! Median and ulnar F-waves were present,
with normal frequency and minimal latency. H-re-
flexes recorded from calf muscles by stimulation of
the tibial nerves were not obtained. Needle exami-
nation showed slightly reduced interference patterns
in quadriceps and biceps brachii muscles, with no
evidence of acute denervation during rest in these
muscles or in the paraspinal muscles.

Two-Dimensional Electrophoresis and Western Blot.
To investigate a possible reactivity against root anti-
gens, we used two-dimensional electrophoresis of
human dorsal and ventral roots combined with West-
ern blot.

Protein Extracts. Human dorsal and ventral
roots were solubilized in a buffer consisting of 7 M
urea, 2 M thiourea, 2% (w/v) 3-[(3-cholamidopro-
pil)dimecylammonio]-1-propanesulfonate
(CHAPS), 0.8% (w/v) Pharmalyte at pH 3-10, 1%
(w/v) dithiothreitol, protease inhibitors, and
0.001% bromphenol blue.

Two-Dimensional Gel Electrophoresis. Isoelec-
tric focusing was performed with rehydrated immo-
bilized pH gradient (IPG) strips using a Protean
isoelectric focusing cell (Bio-Rad, Hercules, Califor-
nia) to 14,000 volts/hour. The equilibrated IPG
strips were transferred to a Mini Protean electro-
phoresis cell (Bio-Rad) for the second dimension
using sodium docecylsulfate—polyacrylamide gel
electrophoresis. Gels were stained with silver.

Western Blot.  Gel replicates were transferred to a
nitrocellulose membrane using a semi-dry transfer sys-
tem (Bio-Rad) at 300 mA for 90 minutes. Membranes

— e

were processed as previously described.® Immunoreac-
tive spots were visualized by an enhanced chemiolumi-
nescence system (Pierce, Rockford, Illinois). Spots of
interest were detected in the silver-stained gel repli-
cates, excised, and destained. Proteins were then di-
gested in gel by overnight incubation at 38°C in a
porcine trypsin solution. Protein was identified by ma-
trix-assisted laser desorption/ionization—time-of-flight
mass spectometry using an Ultraflex TOF-TOF instru-
ment (Bruker Daltonics, Inc., Billerica, Massachusetts).

Enzyme-Linked Immunosorbent Assay with P2 Synthetic
Peptides. Enzyme-linked immunoassay (ELISA)
was performed using the method described by Inglis
et al.,'* with some modifications. IgG and IgM anti-
bodies against P2 were tested using a panel of seven
overlapping synthetic peptides (Genosphere, Paris,
France), representing the whole sequence of human
P2. Serum was tested in triplicate at a dilution of 1:50
and positive samples were titrated at increasing dilu-
tions. Absorbance values >0.1 after subtraction of
the serum blank were considered positive. Light-
chain typing was performed using secondary anti-
bodies specific for IgM-kappa and -lambda chains at
a 1:100 dilution.

RESULTS

Two-Dimensional Electrophoresis and Western Blot.
The patient’s serum reacted strongly with one pro-
tein (Fig. 1B). Matrix-assisted laser desorption ion-
ization—time-of-flight analysis identified the P2 of
peripheral nerve myelin (P2) with a Mascot score of
244. Results obtained using protein extracts from

. L e

FIGURE 1. (A) Silver staining of the second dimension gel showing proteins from an extract of human dorsal root. (B) Western blot using
patient’s serum shows a specific reactivity to P2 protein (white arrowheads).
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both anterior and dorsal human roots were the
same.

ELISA with P2 Synthetic Peptides. The patient’s se-
rum was positive for IgM antibodies with a titer of
1:800 toward a peptide corresponding to amino ac-
ids 20—-45 of P2 (sequence YMKALGVGLATRKLGN-
LAKPTVIISK). Light-chain typing showed specific
reactivity of the kappa light chain bearing the same
specificity as the IgM paraprotein. Although no nor-
mative data are commonly available for this test, the
titer can be considered high. Thus, in a series of 30
CIDP patients and 32 healthy controls (Sanvito et al.,
unpublished data), only one CIDP patient showed
IgM reactivity to P220-45, with a titer of 1:800,
whereas the other two positive patients had a titer of
1:200. There were no other IgM or IgG antibodies
against the remaining six P2 peptides.

DISCUSSION

The combined clinical and electrophysiological data
suggested proximal involvement of motor and sen-
sory roots as the predominant site of the lesion in
our patient. An immunoproteomic approach al-
lowed the identification of reactivity against periph-
eral myelin protein P2. The elevated CSF protein
level and response to treatment strongly suggested
an immune-mediated mechanism in this case. The
presence of a monoclonal gammopathy and identi-
fication of reactivity against P2 protein further sup-
ports the role of B-cell immunity against myelin pro-
teins different from MAG or gangliosides in this
neuropathy that clinically resembles CIDP.

Several clinical entities were considered in the
differential diagnosis of our patient. The subacute
onset and rapidly progressive clinical presentation
with a predominant sensory ataxia suggested a diag-
nosis of anti-Hu-associated paraneoplastic neu-
ronopathy®® or ganglionopathy associated with
Sjogren’s syndrome.!!-20 However, in addition to a
common asymmetric onset, the electrophysiological
hallmark in these two entities is a severe and diffuse
alteration of sensory conduction studies, with re-
sponses that are either absent or markedly reduced
in amplitude, whereas in our patient sensory nerve
conduction studies remained normal.

Lymphoma patients may present with radiculop-
athy or polyradiculopathy at a localized spinal level.
Radicular involvement is manifested by typically
asymmetric root symptoms with predominant distal
pain, dysesthesias, parsethesias, and sensorimotor
deficits in the distribution of the affected root.!¢
Electrophysiological studies may show localized ra-
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dicular involvement with sparing of distal sensory
nerve action potentials, but evidence of acute dener-
vation in the paraspinal muscles is a frequent find-
ing. Lymphomatous or infiltrative radiculopathy can
only be definitively excluded by biopsy. However, the
absence of mass lesions or epidural enhancement on
contrast magnetic resonance imaging, the symmetric
clinical presentation, the lack of denervation in the
paraspinal muscles, and the negative cytology on
CSF examination, all fail to support this possibility.

In patients with monoclonal IgM gammopathy
who present with predominantly sensory symptoms,
the diagnosis of chronic sensory ataxic paraproteine-
mic neuropathy®® and distal acquired demyelinating
paraproteinemic neuropathy!® should be consid-
ered. The majority of patients with an IgM monoclo-
nal gammopathy present with a homogeneous clin-
ical and electrophysiological picture characterized
by a chronic, slowly progressive, distal, symmetric,
mainly sensory demyelinating polyneuropathy.5:15.22
When present, weakness is predominantly distal and
develops later. In more than half of these patients,
monoclonal IgM reacts against MAG.!5 In addition
to clinical and electrophysiological differences, no
anti-MAG antibodies were detected in our patient.

A few patients with IgM gammopathy present
with a clinical picture characterized by a chronic
sensory ataxic neuropathy with a progressive or re-
lapsing—remitting course. In addition, many cases
have weakness affecting the oculomotor and bulbar
muscles.!33> All cases have serum IgM antibodies
that react with NeuAc(a2-8)NeuAc(a2-3)-config-
ured disialosyl gangliosides.3® Cold agglutinins are also
frequently present in serum. When present in their
entirety, these clinical features have been described
previously under the acronym CANOMAD: chronic
ataxic neuropathy, ophthalmoplegia, IgM paraprotein,
cold agglutinins, and disialosyl antibodies.?® Our pa-
tient’s condition can be easily differentiated from this
chronic sensory ataxic paraproteinemic neuropathy
because of the absence of oculomotor weakness, anti-
ganglioside antibodies, and cold agglutinins, and nor-
mal sensory conduction studies.

The clinical picture of proximal weakness, in addi-
tion to severe sensory ataxia, resembles more a form of
CIDP. Thus, pure sensory forms of CIDP,2425 classic
CIDP,232 or even the recently described chronic im-
mune sensory polyradiculopathy,*® should be consid-
ered in the differential diagnosis.

Published research criteria for the diagnosis of
CIDP recognize that clinical presentation may be
exclusively or predominantly sensory,! and recently
published criteria recognize a pure sensory presen-
tation as atypical CIDP.!228 Electrophysiological
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studies in the subgroup of patients with chronic
acquired demyelinating neuropathies and pure sen-
sory dysfunction may show abnormalities restricted
to sensory fibers.” However, they more commonly
show evidence of primary demyelination affecting
motor fibers, consistent with the typical electrophysi-
ologic changes of CIDP,242529 in addition to abnor-
mal sensory conduction studies. In other cases, late
motor involvement and weakness develop in cases
presenting with only sensory symptoms.232 Values of
DML and motor CV in our patient showed mild
abnormalities, but these were not in the demyelina-
tive range (reduced <80% of lower normal limit of
CV, prolonged >125% of upper limit of normal of
DML). No evidence of primary demyelination was
found in the distal segments of the nerves, according
to published diagnostic criteria for CIDP.1-3! In ad-
dition, sensory nerve conduction studies were nor-
mal and remained normal after 1-year follow-up (Ta-
ble 1).

Sensory nerve conduction studies may be normal
in a small number of patients presenting with pure
or predominant sensory ataxia.*>? A demyelinating
lesion of proximal segments of the dorsal roots has
been suggested as the cause in these cases.>” In one
series of patients with sensory ataxia and normal
sensory nerve conduction studies,® the investigators
suggested localized demyelinating involvement of
sensory roots proximal to the dorsal root ganglia.

Similar to the patients reported by Sinnreich et
al., the electrophysiological pattern of absent H-re-
flex and normal sensory nerve action potentials, in
the presence of sensory ataxia, in our patient sug-
gests the proximal segments of sensory roots as the
site of the lesion. However, in addition to predomi-
nant sensory ataxia, symmetric proximal weakness
was present. Predominant proximal radicular motor
involvement was suspected because of the presence
of abnormalities in late motor responses, such as
decrease of F-wave persistence with prolonged min-
imum latencies in the absence of definitive demyeli-
nating lesions in distal motor nerve segments.

Isolated abnormalities of F-waves with normal con-
duction studies in the distal motor nerve segments may
occur early in the course of acute acquired polyneu-
ropathies,!%-18.19.26 and have been attributed to conduc-
tion block in proximal nerve segments.!?2127 Only an-
ecdotal cases suggesting that demyelination can be
limited to proximal nerve segments in chronic ac-
quired neuropathies have been reported.>729%0 In
these cases, the investigators stated that the lesion was
localized proximal to the sensory dorsal root ganglia.
The clinical and electrophysiological features of our
patient suggest predominant proximal involvement

Case Reports

that was both sensory and motor. This chronic senso-
rimotor polyradiculopathy may constitute an ex-
panded phenotype of the patients defined by Sinn-
reich et al.,? or a restricted form of chronic acquired
immune-mediated neuropathy with predominant in-
volvement of nerve roots. In such cases, absent H-
reflexes and F-wave abnormalities may help to identify
patients who do not conform to the typical electrophys-
iological pattern of chronic acquired neuropathies and
may benefit from immune-modulating therapies.

Proteomic analysis has been successfully used to
identify a target antigen in a neuroimmunological
disease such as Hashimoto’s encephalopathy.?® The
precise suspected site of the lesion prompted us to
perform two-dimensional electrophoresis and West-
ern blot using protein extracts from anterior and
posterior roots. We were able to detect IgM but not
IgG reactivity to P2 in the patient’s serum. The pa-
tient’s IgM also reacted with the synthetic peptide
P2,,_,5 using ELISA, but not with other peptides,
especially P2,,_¢; and P2, _g5, covering the neurito-
genic sequence 58-81. The lack of reactivity for the
other peptides could be due to loss of conforma-
tional epitopes of the protein. The fact that the
ELISA results confirmed our findings using two-di-
mensional electrophoresis and Western blot rein-
forces the utility of our method as a powerful tool for
a high-throughput screening of potential antigenic
targets in patients with presumed immune-mediated
neuropathy.

It has been suggested that peripheral nerve my-
elin proteins such as P2, along with PO and PMP22,
represent a target of the immune attack in acquired
demyelinating polyradiculoneuropathies. IgM anti-
bodies to bovine P2 have been found in CIDP pa-
tients.!” A high proportion of IgG antibodies against
P2, ,_ o5, but not P24, _-,, have recently been found in
patients with Guillain—Barré syndrome (GBS) at the
peak of their disease.!*

Our data widen the spectrum of dysimmune-ac-
quired neuropathies and suggest that reactivity
against myelin proteins is related to predominantly
radicular involvement with sensory-ataxic and motor
clinical manifestations that resemble CIDP. Our data
further support the role of B-cell immunity against
myelin proteins other than MAG or gangliosides in
this neuropathy. Our results suggest that precise
clinical and electrophysiological definition in com-
bination with two-dimensional electrophoresis and
Western blot could be a useful method to detect
neural antigens in patients with IgM neuropathies
for whom no anti-neural reactivity has been identi-
fied by other methods. This approach may also help
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guide in the search of candidate antigens and

define clinical-immunological correlations.
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The muscular dystrophies are a large and heterogeneous group of neuromuscular disorders that
can be classified according to the mode of inheritance, the clinical phenotype and the molecular
defect. To better understand the pathological mechanisms of dysferlin myopathy we compared
the protein-expression pattern in the muscle biopsies of six patients with this disease with six
patients with limb girdle muscular dystrophy 2A, five with facioscapulohumeral dystrophy and
six normal control subjects. To investigate differences in the expression levels of skeletal muscle
proteins we used 2-DE and MS. Western blot or immunohistochemistry confirmed relevant
results. The study showed specific increase expression of proteins involved in fast-to-slow fiber
type conversion (ankyrin repeat protein 2), type I predominance (phosphorylated forms of slow
troponin T), sarcomere stabilization (actinin-associated LIM protein), protein ubiquitination
(TRIM 72) and skeletal muscle differentiation (Rho-GDP-dissociation inhibitor ly-GDI) in dys-
ferlin myopathy. As anticipated, we also found differential expression of proteins common to all
the muscular dystrophies studied. This comparative proteomic analysis suggests that in dysferlin
myopathy (i) the type I fiber predominance is an active process of fiber type conversion rather
than a selective loss of type II fibers and (ii) the dysregulation of proteins involved in muscle
differentiation further confirms the role of dysferlin in this process.
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With the recent advances in the analysis of gene expression
in muscular dystrophies, attention has now turned to the
proteomic analysis of these diseases and an increasing
number of studies are using human samples and animal
models with mutations in a variety of muscular dystrophy-
associated genes. The pathological manifestations of the dif-
ferent muscular dystrophies at the histological level are
similar. Dystrophic muscle tissue is characterized by central
nuclei, myofiber degeneration, variability in muscle fiber
size and subsequent formation of foci of fibrotic and adipose
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tissue. However, these common manifestations are second-
ary to the different and specific primary defect [1].

Mutations in the dysferlin gene cause several phenotypes
of muscular dystrophy [2-4]. The dysferlin protein has been
involved in muscle membrane repair [5]. There is only one
previous proteomic study of patients with limb girdle mus-
cular dystrophy 2B (LGMD2B). The authors showed that a
switch from fast to slow twitch type fiber together with a shift
to oxidative metabolism occurs in the skeletal muscle of
these patients when compared to muscle from healthy con-
trols [6]. A comparative study of skeletal muscle protein
expression between healthy controls, affected and unaffected
muscle from patients with facioscapulohumeral dystrophy
(FSHD), and Duchenne muscular dystrophy (DMD) has
recently been published. The authors observed an increased
expression of proteins involved in mitochondrial function
and protection from oxidative stress in patients with FSHD.
These changes were reproducible and specific for muscle
biopsies from all FSHD patients, including clinically unaf-
fected muscles [7]. However, in another study combining
proteomic, transcriptional and bioinformatic analysis in
ESHD, the authors suggested that molecular defects in the
tandem repeat locus D4Z4 impair the expression of genes,
such as MyoD, involved in muscle differentiation and in
regeneration, leading to an increase of ROS [8].

In the present study, we used 2-D PAGE combined with
MS to investigate differences in the expression levels of ske-
letal muscle proteins in patients with two different pheno-
types of dysferlin myopathy [(limb girdle muscle dystrophy 2B
(LGMD2B ) and Miyoshi myopathy (MM)], limb girdle mus-
cular dystrophy 2A (LGMD2A), facioscapulohumeral dystro-
phy (FSHD) and healthy controls. In Miyoshi myopathy,
muscle weakness and atrophy start in the distal muscles of the
legs whereas in LGMD2B, they start in the pelvic and shoulder
girdle muscles. Presence of inflammatory infiltrates is
observed in some cases [9]. We selected LGMD2A because it
has been reported that dysferlin and calpain may have a func-
tional interaction and that loss of dysferlin may affect calpain
expression and vice versa [10]. LGMD2A is caused by muta-
tions in the CAPN3 gene and muscle weakness usually begins
in the pelvic girdle, with problems running, climbing stairs or
getting up from a chair. Finally, we studied FSHD because, as
reported for dysferlin myopathy [9], inflammation can be
detected in muscle biopsies [11]. In FSHD muscle, weakness
starts in the face, shoulder girdle and upper arms muscles.
The molecular defect in FSHD consists of a deletion in the
D474 DNA region of 4q35.

The comparative study of these three muscular dystro-
phies was used to identify candidate proteins that are speci-
fically involved in the pathophysiology of dysferlin myopathy.
As expected, we identified some changes that appear to be
common to all the muscular dystrophies analyzed. However,
we also observed protein expression profiles that were spe-
cific for dysferlin myopathy. These findings can contribute to
our understanding of the molecular mechanisms underlying
these diseases.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

487
2 Materials and methods
2.1 Sample preparation

We analyzed triceps muscle biopsies from patients with
three different muscular dystrophies, dysferlin myopathy (4),
LGMD?2A (4), FSHD (3), genetically confirmed and 4 normal
control subjects (Table 1). Mean age was similar in all
groups. The samples were frozen and stored in liquid nitro-
gen. Muscle samples were homogenized in lysis buffer con-
taining 8 M urea, 2%CHAPS, 40 mMDTT, 0.002% bromo-
phenol blue, protease inhibitors cocktail (GE Healthcare),
distilled or de-ionized water. The protein extracts were incu-
bated for 30 min in ice and disrupted by ultrasonication.
Muscle samples were centrifuged at 12 000 x g for 25 min at
4°C and supernatants were transferred into new micro-
centrifuge tubes and stored at —80°C for further analysis. The
RC-DC protein assay (Bio-Rad, Hercules, CA), was used to
quantify protein concentration. The samples were pre-
cipitated and purified with the 2-D Clean-Up Kit following
manufacturer’'s  instructions (Amersham Biosciences,
Uppsala, Sweden).

2.2 2-DE

Analytical gels were made in triplicate for each patient, and
405 pg of protein was adjusted to a final volume of 310 pL in
rehydration buffer (8 M Urea, 2% Chaps, 0.5% Ampholytes,
40 mM DTT, bromophenol blue trace) and 5 pL of reducing
agent Destreak reagent (Amersham Biosciences) containing
hydroxyethyl disulfide to prevent unspecific oxidation of
proteins. After rehydration for at least 16 h, IPG strips
(17 cm pH 5-38, linear IPG DryStrips, Bio-Rad) were focused
on a Protean IEF cell system (Bio-Rad), following the manu-
facturer’s instructions. The strips were incubated with equi-
libration buffer (6 M Urea, 2% SDS, 0.375 M Tris-HCI pH
8.8, 20% glycerol, and 2%w/v and DTT) for 15 min. and
equilibration buffer supplemented with 2.5% w/v iodoacet-
amide for an additional 15 min. After equilibration, the IPG
gel was transferred onto a 12% polyacrylamide gel and SDS-
PAGE was performed in a protean II Xi 2-D system (Bio-Rad)
at 16 mA for 1 h and at 24 mA for an additional 6 h.

2.3 Visualization of proteins and image analysis

Gels were stained with silver solution and scanned using a
GS-800 imaging densitometer. Gel replicates were stained
with Pro-Q Diamond phosphoprotein gel stain (Invitrogen,
Eugene, OR) and the images were acquired using a scanner
Typhoon (Amersham Bioscience) This method selectively
stains phosphoproteins in polyacrylamide gels. The scanned
2-DE images were sent to Ludesi Analysis Center (Sweden,
http://www.ludesi.com) for image analysis using Ludesis
proprietary image analysis software. The protein spots were
automatically detected, and the results were manually ver-
ified and edited where needed, with on average spots
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Table 1. Patients Information

Proteomics Clin. Appl. 2009, 3, 486-497

Patients Age Sex Progression Mutation Muscle S/F % Fiber
of disease slow
Control 35 F 0 Soleus 198/123 61
Control 23 M 0 Triceps 223/85 72
Control 47 F 0 Triceps 146/173 45.7
Control 38 M 0 Quadriceps 199/207 49
Control 43 F 0 Quadriceps 158/271 36
Control 36 F 0 Triceps 135/177 42
LGM2B 16 M 1 Homozygosis: PG1628 R Triceps 179/125 58.8
LGM2B 76 F 45 Homozygosis: R959W Triceps 175/36 82.9
LGM2B 49 F 5 Homozygosis: R1811 Triceps 164/51 76.2
LGM2B 30 F 2 Homozygosis: E1994RfsX3 Quadriceps 177/261 44
MM 54 M 22 Homozygosis: R1720L Triceps 173/31 84
MM 63 M 6 Heterozygosis: Mut 1:E1732X Mut 2: R2000Q Triceps 211/96 68.7
LGM2A 23 M 5 Homozygosis: 2362AG - TCATCT (exon 22) Triceps 57/249 18.6
LGM2A 23 F 6 Heterozygosis: Mut 1: 2362AG -TCATCT Triceps 153/147 51
Mut 2: 802-9G>A
LGM2A 30 F 8 Heterozygosis: Mut 1: R448C Mut 2: Q564X Quadriceps 126/176 41.1
LGM2A 46 M 28 Homozygosis: P.(Arg490Trp) exon 11 Soleus 142/159 47.1
LGM2A 51 F 9 Heterozygosis: Mut1: P.(Arg490Trp) exon 11 Triceps 118/82 59
Mut2:P.(Glu622GlyfsX9)
LGM2A 35 M 5 Heterozygosis: Mut1: Lys 487_Asn488delinsAsnHis Triceps 68/234 22.5
exon 11 Mut2:C.1992+1G>T exon 17
FSHD 42 M 22 Fragment deletion of 34 kb Triceps 70/231 23.2
FSHD 40 M 20 Fragment deletion of 34 kb Triceps 108/192 36.4
FSHD 62 F 8 Fragment deletion of 28 kb Triceps 88/312 22
FSHD 35 M 7 Fragment deletion of 34 kb Quadriceps 114/186 38
FSHD 20 F 3 Fragment deletion of 15 kb Quadriceps 188/212 47

resolved by image analysis. The gels were automatically
matched using all-to-all matching, avoiding introduction of
bias caused by use of a reference gel. The matching was
iteratively improved by optimization of matching parameters
and manual editing. Integrated intensities were measured
for each spot, background-corrected, and then normalized by
mathematically minimizing the median expression differ-
ence between matched spots.

2.4 Statistical analysis and hierarchical clustering

The statistical analyses were performed using Ludesi RED-
FIN (Sweden, http://www.ludesi.com). Normalized spot
volumes were used. First, a volume filter was applied, remov-
ing spots with volume smaller than a threshold and then spots
with a presence lower than a the threshold percentage were
removed. The p-values were calculated using ANOVA and
non-existing spots were estimated to have spot volume zero.
Proteins with p-value lower than the threshold and fold
change higher than the threshold were declared regulated. All
spots declared regulated were manually verified to have been
correctly detected, quantified, and matched in all gels.
Hierarchical clustering was performed using the soft-
ware developed by Ludesi (www.ludesi.com). Briefly, the
clusters were formed in an agglomerative way so that objects
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which are similar are linked together first. When gels are the
designated objects, those proteins have a similar expression
are considered to belong to the same group. When the ob-
jects are proteins, those, which are co-regulated, are con-
sidered similar. Proteins up-regulated are shown in red and
those down-regulated are shown in green.

2.5 Protein identification by MS

Protein spots of interest were excised from the gel using an
automated Spot Picker (Amersham Bioscience), the samples
were sent to a proteomics service for the identification of
proteins (Dr. F. Canals, Proteomics Facility at IR-HUVH,
Barcelona, Spain).

In-gel trypsin digestion was performed as described [12],
using autolysis-stabilized trypsin (Promega, Madison, WI).
Tryptic digests were purified using ZipTip microtiter plates
(Millipore, Billerica, MA).

MALDI-MS analysis of tryptic peptides was performed
on an Ultraflex TOF-TOF Instrument (Bruker Daltonics,
Billerica, MA). Samples were prepared using CHCA as
matrix on anchor-chip targets (Bruker Daltonics). Calibration
was performed in the external mode using a peptide calibra-
tion standard kit (Bruker Daltonics). The spectra were pro-
cessed using Flex Analysis 2.2 software (Bruker Daltonics).
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Peak lists were generated using the signals in the m/z 800 to
4000 region, with an S/N threshold greater than 3. The
SNAP algorithm included in the software was used to select
the monoisotopic peaks from the isotopic distributions
observed. After removing m/z values corresponding to
usually observed matrix cluster ions, an internal statistical
calibration was applied. Peaks corresponding to frequently
seen keratin and trypsin autolysis peptides were then
removed. The resulting final peak list was used for identifi-
cation of the proteins by PMF. MASCOT 2.0 program
(Matrix Science, London, UK) was used to search the MSDB
database, 20050227 release (Imperial College, London), lim-
iting the search to human proteins (130 630 sequences).
Search parameters were as follows: trypsin cleavages exclud-
ing N-terminal to P, 1 or 2 missed cleavages allowed, carba-
midomethylation set as fixed modification, methionine oxi-
dation as variable modification, mass tolerance less than
50 ppm, monoisotopic mass values. Criteria for positive
identification were a significant MASCOT probability score
(score >64, p <0.05), together with an intensity coverage of
the spectra higher than 60% (unless more than one protein
was identified at a single spot) (Tables 1 and 2). When several
isoforms of a protein appeared in the database, we reported
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the one that matched the maximum number of peptides in
the mass spectrum and the match was considered in terms
of putative function. When the set of matched peptides did
not allow distinguishing between different isoforms one of
them was given in the Table as example, and the accession
numbers of the other isoforms matching the same set of
peptides are shown in Supporting Information for Tables 1
and 2.

Phosphorylated proteins (Table 4) were identified in a
different core facility (Dr. C. Chiva, Proteomics Facility Uni-
versity Pompeu Fabra, Barcelona Spain). Protein spots from
silver-stained gels were excised from the gel using an auto-
mated Spot Picker (Amersham Biosciences), and in-gel
digested in a 96-well ZipPlate placed in a Multiscreen
vacuum manifold (Millipore), Proteins were reduced, alkyl-
ated, and digested with sequence grade trypsin (Promega).
Peptides were eluted with 15-25 pL of 0.1% TFA in 50%
ACN. Of tryptic digest, 2.5 uL was deposited onto Mass:-
Spec-Turbo 192 type 1 peptide chips pre-spotted with CHCA
(Qiagen, Valencia, CA) and left for 3 min for peptide
adsorption. Then, each spot was washed for 5 s with 1 pL of
finishing solution (Qiagen) and left until dry. MALDI-TOF
MS was performed in a Voyager DE-STR instrument

Table 2. Proteins equally expressed in all the muscular dystrophies studied

Spot Identification Accession MASCOT  Matched Sequence Function Control  Dysferlin

no. no. score peptides coverage % -/-

22669 Fructose -biphosphate aldolase ALDOA_HUMAN 119 15 (59) 46.8 1 0.9

23349 Phosphopyruvate hydratase S06756 169 23 (65) 46.3 Energy meta- 1 0.8
(EC 4.2.1.11) beta-human bolism

22056 Hypothetical protein, similarity heat 096C20_HUMAN 88 7 (45) 35.1 1 35
shock protein

23352 Carbonic anhydrase Ill (EC 4.2.1.1) CAH3_HUMAN 114 10 (47) 37.8 1 0.9

22522 Acyl-CoA dehydrogenase DEHUCM 79 13 (59) 32.1 Metabolism 1 0.9
(EC 1.3.99.3) lipids

22761 Myosin light chain 1, skeletal muscle ~ MLE1_HUMAN 13 12 (41) 45.1 1 0.3
isoform (MLCF1)

22784 Troponin T1, skeletal, slow AAH22086 88 13 (46) 24.2 1 0.6

22054 Myosin regulatory light chain 2 096C20_HUMAN 91 8 (44) 52.1 1 1.2

23355 Myosin light polypeptide 3 MYL3_HUMAN 97 7 (48) 38.7 1 0.3

22016 Myosin light polypeptide 3 MYL3_HUMAN 120 12 (48) 51.1 Myofibrillar 1 14

proteins

22166 Actin alpha, skeletal muscle A24904 129 16 (51) 45.6 1 0.7

22271 Actin alpha, skeletal muscle A24904 102 10 (39) 427 1 0.6

22772 Actin gamma, smooth muscle ATCHSM 81 7 (44) 26.3 1 0.3

23360 Actin, alpha 1, skeletal muscle Q5T8M7 61 5(39) 135 1 0.3

22113-1  Alpha-crystallin chain B CYHUAB 94 8 (52) 429 1 0.8

22000 Myosin alkali light chain, slow MOHUSA 80 6 (58) 28.8 Muscle devel- 1 0.3
skeletal muscle opment

21920 Protein-L-isoaspartate(D-aspartate) JH0624 87 9 (50) 43.6 Repair 1 0.8

0-methyltransferase

MASCOT search scores are shown for the top match protein. “Matched peptides” column shows the number of peptides matching to the
top-match protein and, in parentheses, the number of unmatched peptides in the spectra.
Shaded rows are meant to separate different protein function groups.
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Table 3. Proteins differentially expressed in dysferlin myopathy

Proteomics Clin. Appl. 2009, 3, 486-497

Spot Identification Accession MASCOT Matched Sequence Function Control  Dysferlin

no. no. score peptides coverage% /-

22148-A  6-Phosphogluconolactonase AAH14006 80 8 (29) 36.4 Energy meta- 1 1.6

bolism

21944 Ankyrin repeat domain 2. — Q3B778 121 11(8) 26.1 1 2.6
Homo sapiens (human).

21970 0TTHUMP00000059423. — Q5T458 120 9(3) 26.1 1 2.68
Homo sapiens (human).

22062 Actinin-associated LIM protein. — 043590 134 10 (10) 36 Myofibrillar 1 4.4
Homo sapiens (human). proteins

23241 Actinin-associated LIM protein. — 043590 85 7(5) 22.8 1 1.75
Homo sapiens (human).

21984 Actinin-associated LIM protein. — 043590 m 12 (17) 38.5 1 1.8
Homo sapiens (human).

22091 Myotilin (Titin -like protein) Q9UBF9 74 10 (25) 21.9 1 3

22603 Rho-GDP-dissociation inhibitor A47742 91 12 (25) 69 Muscle deve- 1 15
Ly-GDI - human lopment

22029 Transferrin precursor [validated] — TFHUP 258 36 (50) 48 1 3.1
human

23345 Fatty acid binding protein (holo form, 2HMB 104 7(8) 49.6 Transport 1 8.56
human muscle) (m-fabp)-human

22148-B  Endoplasmic-reticulum-lumenal T09549 68 8(21) 42.9 1 1.6
protein 28 — human

22228 Troponin T1, Skeletal, Slow AAH22086 68 11(15) 19.9 1 1

22036 Myosin regulatory light chain 2, MLRV_HUMAN 127 19 (38) 56 Contractile 1 1.1
ventricular/cardiac muscle isoform
(MLC-2)

21949 Hypothetical protein FLJ16664/ TRIM72 ~ Q6ZMU5 168 25 (44) 65.4 Ubiquitination 1 2.58

MASCOT search scores are shown for the top match protein. “Matched peptides” column shows the number of peptides matching to the
top-match protein and, in parentheses, the number of unmatched peptides in the spectra.
Shaded rows are meant to separate different protein function groups.

(Applied Biosystems, Foster City, CA) using a 337-nm nitro-
gen laser and operating in the reflector mode, with an accel-
erating voltage of 20 kV. Samples were analyzed in the m/z
800-3000 range and were calibrated externally using a
standard peptide mixture (Sequazyme Peptide Mass Stand-
ards kit, Applied Biosystems). Peptides from trypsin auto-
lysis were used for the internal calibration.

Peak lists were generated using the moverz software
(Knexus edition, Proteometrics). Monoisotopic peaks with
S/N >3 were selected and common contaminants were
eliminated using the Peak Erazor software (v 2.0.1).

Protein identification from MALDI-TOF results was
done with the online MASCOT search engine
(MatrixScience) using human proteins available in the NCBI
non-redundant database 20070609 (192 928 sequences) or in
the Swiss-Prot database v53.1 (16 703 sequences). The fol-
lowing parameters were used for database searches: one
missed cleavage allowed, peptide tolerance was limited to
50 ppm, fixed modifications were carbamidomethylation of
cysteine, variable modifications oxidation of methionine, and
criteria for acceptance of peptides with a score greater than
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55 for spots (6549, 7566, 6545, 8328, 7563, 6547, 6544) or 65
for spots (8326, 8635, 8330, 8331); a threshold of p <0.05 was
considered significant (Table 3).

For NanoLC-MS/MS analysis, samples were run on a Q-
Star Pulsar (Applied Biosystems) instrument fitted with a
nano-ESI source, previous nanoLC separation in an Ultimate
IT system (LCPackings). Prior to LC-MS analysis, tryptic
peptide mixtures were desalted and concentrated on RP-C18
Stage tips (Proxeon Biosystems, San Mateo, CA) as described
[13]. Peptides were separated in an RP Atlantis dC18
NanoEase Column, 75 pm x 150 mm (Waters), using a linear
5-50% ACN gradient into 0.1% formic acid over 30 min. An
electrospray voltage of 2400 V was used. For LC MS/MS
analysis samples were directly injected and analyzed in the
information-dependent acquisition (IDA) mode.

Peak list was generated from the raw data using the An-
alyst QS 1.1 software with the MASCOT script 1.6 b21. MS/
MS data were centroided and de-isotoped and only precursor
charge states +2, +3 and +4 were considered.

Protein identification from nanoLC-MS/MS results was
done with a resident MASCOT server (MatrixScience) v2.1

www.clinical.proteomics-journal.com

133



134

Proteomics Clin. Appl. 2009, 3, 486-497

using human proteins available in the NCBI non-redundant
database downloaded from ftp://ftp.ncbinih.gov/blast/db/
FASTA/nr.gz on March 30th 2007 (191 591 sequences). The
following parameters were used for database searches: one
missed cleavage allowed, plus Cys carbamidomethylation as
fixed and Met oxidation and deamidation as variable mod-
ifications selected, respectively. MS tolerance was set at
0.25 Da and MS/MS tolerance at 0.20 Da. Protein scores
were derived from ion scores as a non-probabilistic basis for
ranking protein hits. The protein score is the sum of the ions
score of all the non-duplicate peptides. The score threshold
to achieve p <0.05 is set by MASCOT algorithm with an
expect cut-off of 20, and is based on the size of the database
used in the search. As for PMF, when peptides matched to
multiple members of a protein family, we selected the higher
database score and sequence coverage. Wherein there was
more than one accession number for the same peptide, the
match was considered in terms of putative function.

2.6 Western blot analysis

For semi-quantitative validation of the expression levels of
selected proteins, Western blot analysis was performed using
standard techniques and equipment (Bio-Rad). Crude
homogenates were prepared from muscle biopsies from the
patients and controls indicated in Table 1 and equal amounts
(60—380 pg) were subjected to SDS-PAGE. The proteins were
transferred onto an NC membrane (1.5 h, 300 mA). Ponceau
Red S staining of the membrane was carried out to confirm
the efficiency of the transfer and equal loading.l. Finally,
membranes were probed with the following antibodies to:
myotilin (Novocastra, Newcastle-upon-Tyne, UK), Rho-GDI,
actinin LIM protein (Abcam, Cambridge, UK) and a mAb
produced in mice to the N-terminal domain of Ankrd2 pro-
tein. IRDye®800 conjugate goat anti-mouse or goat anti-rab-
bit secondary antibodies (Licor) were used at a 1:15 000 dilu-
tion in blocking buffer. After development, membranes were
briefly washed in PBS containing 0.1% Tween20. Fluores-
cence bands corresponding to the expected molecular weight
bands were acquired on an Odyssey Infrared Imaging Sys-
tem (Licor). Data analysis was performed using Odyssey
application software, version 2.1 (Licor).

2.7 Immunohistochemistry

For immunohistochemical analysis, we used frozen sections
from muscle biopsies of muscular dystrophies (six patients
with dysferlinopathy, six patients with LGMD2A, and five
patients with FSHD). In all patients, the muscle biopsies
were taken from the triceps.

Frozen sections from human skeletal muscle were pro-
cessed for immunohistochemistry. Each sample was first
investigated using hematoxylin and eosin staining to identify
muscle architecture. Serial 10-um sections were fixed in ace-
tone. After incubation with hydrogen peroxide and then a
blocking solution containing 2% BSA, 10% normal human
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serum, and 3% normal goat serum, the slides were further
incubated overnight with a primary monoclonal antibody, to
light chain slow, fast and developmental myosin (Novocas-
tra). A secondary antibody, peroxidase-conjugated goat anti-
mouse IgG (Jackson ImmunoResearch Laboratories, West
Grove, PA) was applied for 1 h at room temperature. The
sections were developed using a diaminobenzidine solution
(Vector Laboratories, Burlingame, CA) following the manu-
facturer’s instructions [14].

2.8 Fiber counting, fiber diameter measurement and
statistical analysis

We used slides stained with fast myosin from dysferlin
myopathy patients to count the number of fibers of each type
(see Table 1). Two hundred to 400 fibers were measured in
each case. Results were analyzed using a Wilcoxon test and a
t-test.

We also measured the fiber diameter of fast and slow
fibers using the software Axiovision 3.1 (Zeiss, Hallberg-
moos, Germany). Results were analyzed using the Spear-
man’s rank correlation coefficient.

3 Results

We constructed high-resolution maps from the triceps biop-
sies of different dystrophies and healthy controls and detec-
ted about 1500 spots in each gel (Fig. 1). To determine the
biological variation in protein expression between the mus-
cular dystrophies mentioned and healthy controls, we per-
formed a hierarchical clustering on the 200 most significant
proteins using the average protein expression levels. The
clustering analysis allowed us to identify a protein-expres-
sion pattern specific for dysferlinopathies (Fig. 2, Table 3)
and to sort out changes that appear to be common to all the
forms of muscular dystrophy studied (Table 2). We have
grouped the proteins differentially expressed in dysferlino-
pathies according to their function in skeletal muscle.

3.1 Myofibrillar proteins

We found up-regulation of myotilin (spot 22091), which is
involved in the assembly and stabilization of the Z-disc [15].
Ankyrin repeat protein 2 (Ankrd2) (spot 21944, 21970), also
known as Arpp, is a sarcomeric protein that can interact with
other sarcomeric and nuclear proteins. Actinin-associated—
LIM protein (ALP) (spot 22062, 23241, 21984) belongs to a
family of cytoskeletal proteins defined by the presence of an
N-terminal PDZ domain (a protein—protein interaction mod-
ule) and one C-terminal LIM domains [16]. All these proteins
were up-regulated in patients with LGMD2B together with
myosin regulatory light chain 2 (spot 21940), troponin T1
slow (spot 22228) and ventricular /cardiac muscle isoform
(spot 22036). The increased expression of myotilin, Ankrd2
and ALP was confirmed by Western blot analysis (Fig. 3).
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3.2 Proteins involved in muscle fiber type

We observed an increased expression of different phospho-
rylated forms of troponin T slow (spots 7625, 7624, 7571,
6549), tropomyosin 2 (beta) isoform 1(8636) and skeletal
muscle tropomyosin (8635). In contrast, we found a reduced
expression of myosin fast regulatory light chain 2 isoform
(spot 8330, 8328) (Fig. 4, Table 4).
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Figure 1. Proteomic compar-
ison of muscle extracts of the
same muscle (triceps) between
different muscular dystrophies,
by 2-D PAGE analysis. IEF was
performed using 17-cm IPG
strips from 4-7 pl range (A)
healthy control, (B) dysferlino-
pathy, (C) FSHD (D) calpaino-
pathy. Spots of interests were
identified by MS. The number-
ing of spots correlates to the
listing of identified proteins in
P Table 4.

Figure 2. Unsupervised hier-
archical clustering of the prote-
omic profiles of muscular dys-
trophies. The comparison of the
proteomic profiles of different
muscular dystrophies and heal-
thy controls showed a group of
proteins differentially expressed
in LGMD2B. We performed the
clustering with the following
settings using the software
Ludesi 2D Interpreter (www.lu
desi.com): protein extraction
method- ANOVA, number of
proteins-100, average volume-
500 units, test type- train-and-
test.

Immunohistochemistry for fast and slow myosin showed
a predominance of type I fibers in patients with dysferlin
myopathy compared to controls (Fig. 5A) that increased sig-
nificantly with the progression of the disease (Spearman rho
test p = 0.042) (Figs. 5B and C). Conversely, in patients with
FSHD we observed predominance of type II fibers that
increased with the progression of the disease with a rho
coefficient of —0.700 (p = 0.188), indicating a tendency to-
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Figure 3. Independent validation of the differential expression
patterns observed by 2-DE using Western blot. Equal amounts of
triceps homogenate were analyzed from: (1) control, (2)
LGMD2B, (3) LGMD2A, (4) FSHD.
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wards type II conversion (Fig.5E). In patients with
LGMD2A, we also found a predominance of type I fibers
with the progression of the disease, as reported by Fardeau
and colleagues [17], although it was not as marked as in
patients with dysferlin myopathy (p = 0.125) (Fig. 5D). In
these patients, we observed groups of atrophic type II fibers
whereas type I fibers were enlarged. In fact, in the original
report by Fardeau et al. [17], the authors found that the di-
ameter of type II fibers, although normal in the less affected
patient tended to be slightly decreased in the more affected
ones. These data suggest that as in DMD, in LGMD2A the
predominance of type I fibers could be due to a more promi-
nent atrophy of type II fibers (see Fig. 5D). We have not
found statistically significant changes in fiber diameter that
could indicate a selective atrophy of type II fibers in patients
with dysferlin myopathy (Wilcoxon test p = 0.5 and t-test p =
0.263).
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Figure 4. Comparison of protein phosphoryla-
tion profiles based on Pro-Q Diamond staining
intensity. (A, B) Representative 2-D gels of heal-

8331 thy controls, (C, D) LGMD2B, (E, F) FSHD and (G,

H) LGMD2A. Results are shown in Table 4.
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Table 4. Phosphorylated proteins differentially expressed in the muscular dystrophies studied

Spot Identification Accession no. MASCOT Matched Sequence  Control Dysferlin Calpain FSHD

no. score peptides  coverage % -/ -/

8636 Tropomyosin 2 (beta) Isoform 1 gi 339956 74 6 16 1 313.96 0.92 1.48

8635 Skeletal Muscle Tropomyosin gi 42476296 84 6 18 1 210.45 0.92 1.48

8331 Myosin regulatory light chain 2 gi 28372499 97 8 55 1 451 176 18.52
Isoform Fast

8330 Human fast Skeletal Myosin light gi 34846 93 9 62 1 2.3 3.51 9.57
Chain 2

8328 Myosin regulatory light chain 2 MLRS_Human 121 12 68 1 0.7 2.86 478
Isoform Fast

8326 slow Cardiac Regulatory Light Chain 2 gi 94981553 129 12 76 1 0.52 1.84 0.52

7625* Troponin T, Slow skeletal Muscle (TnTs) @i 339783 146 4 18 1 115.12 0.92 1.48

7624* Troponin T, Slow skeletal Muscle (TnTs)  gi 339783 87 3 12 1 47 0.92 1.48

75711* Troponin T, Slow skeletal Muscle (TnTs)  gi 339783 105 4 15 1 168.57 0.92 1.48

7566 Homebox Protein TGIF2LX TF2LY_HUMAN 63 3 20 1 1.83 0.01 0.02

7563 Heat Shock Protein beta 1 (HsPB1) HSPB1_HUMAN 91 5 28 1 4.47 1.29 1.89

6549 Troponin T, Slow skeletal Muscle (TnTs) ~ TNNT1_HUMAN 78 5 17 1 60.43 0.92 1.48

6547 Heat Shock Protein beta 1 (HsPB1) HSPB1_HUMAN 60 3 17 1 1.83 1.19 1.06

6545 Heat Shock Protein beta 1 (HsPB1) HSPB1_HUMAN 88 5 28 1 4.32 0.35 1.85

6544 A Heat Shock Protein beta 1 (HsPB1) HSPB1_HUMAN 165 10 32 1 0.69 1.94 1.15
Mixture 1

6544 B NADH dehydrogenase ubiquinone NDUS3_HUMAN 165 10 19 1 0.69 1.94 1.15

NDUS3 Human_ Mixture 2

3.3 Energy metabolism

In patients with dysferlin myopathy, we identified
increased expression of phosphopyruvate hydratase (spot
23349) that is involved in glycolysis. We also found up-
regulation of carbonic anhydrase III (spot 24052) and fatty
acid-binding protein (spot 22035), which participate in
aerobic metabolism and are expressed mainly in type I
muscle fibers.

3.4 Oxidative stress

We detected increased levels of 6-phosphogluconolactonase
(spot 22148) in dysferlin myopathy, an enzyme of the pen-
tose phosphate pathway that serves to generate NADPH to
prevent oxidative stress.

Phosphoproteomic analysis identified an increased
expression of different phosphorylated forms of the chaper-
one heat shock protein beta 1 (HspB1) also known as HSP27
(spots 7563, 6547, 6545) in the muscle biopsies of patients
with dysferlin myopathy.

3.5 Muscle development

We also noted both by proteomic analysis (spot 22603) and
Western blot (Fig. 3), a modest up-regulation of Rho-GDI
(GDP dissociation inhibitor) in patients with dysferlin myo-
pathy. This protein is implicated in the dynamic rearrange-
ments of cytoskeletal actin filaments [18].
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3.6 Protein unfolding/misfolding and ubiquitination

TRIM 72 protein (spot 21949) that belongs to the tripartite
motif (TRIM) family of proteins was up-regulated in patients
with dysferlin myopathy. This protein bears three structural
domains Znf-RING, Znf-Bbox, SPRY rcpt, suggesting that it
can participate in transcriptional regulation, cell growth, dif-
ferentiation, apoptosis and ubiquitination.

4 Discussion

In this study, we have investigated the muscle proteome of
patients with dysferlin myopathy in comparison with
LGMD?2A, FSHD and controls. We have identified a number
of proteins that are differentially expressed in muscles with-
out dysferlin. We have also found proteins that are differen-
tially expressed in the three muscular dystrophies when
compared with healthy controls. These proteins are probably
involved in cellular processes shared by the majority of dys-
trophic processes and could mask specific processes.

We observed an increased expression of proteins corre-
sponding to contractile proteins specific for type I muscle
fibers (myosin regulatory light chain 2, troponin T1 slow,
phosphorylated forms of troponin T slow), suggesting a fast-
to-slow fiber transition process in these patients. Similar
results were recently reported in a study in which LGMD2B
patients were compared only to control samples [6]. Fanin
and colleagues [19] observed a type I fiber predominance
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Figure 5. Immunohistochemical analysis using an antibody specific for myosin light chain fast isoforms in different muscular dystrophies.
(A) Healthy control, (B) LGMD2B (22 years progression), (C) LGMD2B (5 years progression), (D) LGMD2A (22 years progression) (E) FSHD
(5 years progression). The percentage of slow fibers (light) is higher in patients with LGMD2B (B and C) in comparison with control (A) and
LGMD2A (D) and FSHD (E).

exceeding 80% in dysferlin myopathy patients and suggested
that there was either a selective loss of type II fibers or a
conversion process. Ankrd2, a titin-binding protein, is a
stretch-activated gene associated with slow muscle pheno-
type and is part of a signaling pathway different to that
involved in muscle hypertrophy. Furthermore, the same
authors found a decreased expression of Ankrd2 in dener-
vated rat soleus muscle, producing a shift toward the fast
muscle phenotype [20]. The increased levels of Ankrd2 that
we found in dysferlin myopathy patients suggest that there is
indeed an active switch to type I fibers rather than a loss of
type II fibers. Additionally, we also found up-regulation of
enzymes involved in oxidative metabolism such as carbonic
anhydrase III, fatty acid-binding protein, and phosphopyr-
uvate hydratase. Finally, we also found up-regulation of HSP
27 and myotilin. The conversion into fatigue-resistant type I
fibers depends, among other factors, on the up-regulation of
chaperone proteins (e.g. HSP 27) for stabilizing myofibrillar
proteins during the fast-to-slow transition process [21, 22].

It is well established that type II muscle fibers are more
susceptible to stretch than type I [23] and they contract phasi-
cally in bursts [24]. In the absence of dysferlin, type II fibers
could repair even less efficiently because they could not cope
with a massive disruption of the sarcolemma. It is tempting to
propose that a switch to type I fibers early in the disease could
be protective for skeletal muscle and may slow down the pro-
gression of dysferlin myopathy. In this way, it has been
reported that chronic low-frequency stimulation of skeletal

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

muscle induces changes in proteome expression that pro-
mote a fast-to-slow transition process [22]. Along the same
lines, an increase in the number of type I fibers can be induced
Dby specific targeting of an activated form of peroxisome pro-
liferator-activated receptor-delta using specific agonists [25].

In DMD, there is also a type [ predominance but it does
not seem related to the progression of the disease as we
observed in dysferlin myopathy [26]. In addition, the same
authors found that the mean diameter of type 2 fibers was
markedly larger than that of type I fibers. In a previous paper,
the authors found that in DMD fast muscle fibers are pre-
ferentially affected and are the first to degenerate [27].

In a recent study in FSHD, the authors performed 2-DE
of muscle biopsies [8] and found a transition from fast-gly-
colytic to slow-oxidative muscle phenotype. However, fiber
type counting revealed that in the majority of patients the
percentage of each fiber type was close to 50% of each type
and there was no correlation with the progression of the dis-
ease (the younger patient showed the highest percentage of
type I fibers). Indeed, although the number of patients is low,
we performed an Spearman Rho test in our muscle biopsies
and observed that whereas in dysferlin myopathy there is a
correlation between the number of type I fibers and the years
of progression of the disease (correlation coefficient = 0.829;
p = 0.042), in FSDH patients the coefficient was —0.700,
indicating a tendency towards type II conversion.

We have not found statistically significant changes in
fiber diameter that could indicate a selective atrophy of type
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II fibers in patients with dysferlin myopathy (Wilcoxon test p
=0.5 and t-test p = 0.263).

Muscle fiber type switch can be also observed in some
physiological conditions. In neurogenic disorders, the
change from one type to the other is due to new innervation
of the fiber. The reinnervated fibers form groups of type [ and
type I, both in the same sample. Grouping of myofibers can
be observed for fast or slow types and does not depend only
on the muscle itself but also on the motor neuron that
innervates an specific muscle fiber. In addition, in the situa-
tions of muscle disuse, fiber type switch is usually from type
I (slow twitch) to type II (fast twitch) [28]. Finally, the studies
on age-related changes in muscle fiber types propose that in
general a type I predominance can be observed but it is
probably due to a loss or atrophy of type II fibers but not to a
fiber type conversion [29].

The increased levels of myotilin in dysferlin myopathy
patients could probably help the proper assembly, main-
tenance and/or function of the Z-disc [30] during the switch
to slow fiber type. However, the increase in myotilin levels
could be also due to the fact that type I fibers have broader Z-
discs than type II fibers [31].

In addition to the fast-to-slow conversion, we also found
that Rho-GD Inhibitor is up-regulated in dysferlin myopathy.
Over expression of Rho GDI in the C2C12 cell line impaired
their differentiation into myotubes and the levels of myo-
genin mRNA were highly reduced [32]. In agreement with
these findings, we have recently reported that dysferlin-defi-
cient myotubes differentiate poorly and show very low levels
of myogenin [33]. Conversely, we have found an up-regula-
tion of the protein ALP. In a recent report using antisense
RNA technology, the authors demonstrated that disruption
of ALP expression affects the expression of myogenin,
impairing muscle differentiation [34]. Our results suggest
that ALP maybe up-regulated in dysferlin myopathy in an
attempt to restore proper muscle differentiation and confirm
that even in adult skeletal muscle the mechanisms of differ-
entiation are impaired.

Finally, we have also noted that Trim 72 is up-regulated in
dysferlin myopathy. Trim 72 belongs to the tripartite motif
(TRIM/RBCC) family of proteins, which have three struc-
tural domains, a RING-type zinc finger, a B-box-type zinc
finger, and B30 2/SPRY domain. Trim 32 belongs to the same
family of proteins and is expressed in skeletal muscle. It can
be induced upon muscle unloading and reloading, associates
with myofibrils and is able to ubiquitinate actin, suggesting
its likely participation in myofibrillar protein turnover, espe-
cially during muscle adaptation [35]. Mutations in Trim 32
have been associated with limb girdle muscular dystrophy
type 2H [36]. The high homology between these two proteins
indicates that they may share similar functions, suggesting
that Trim 72 may also participate in skeletal muscle remo-
deling due to fiber type conversion. Additionally, an
increased ubiquitination activity of misfolded proteins by
Trim 72 may also explain the fact that in the majority
of our patients with mutations in the dysferlin gene, the

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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expression levels of dysferlin protein are absent or highly
reduced.

Further studies using 2-D electrophoresis will be done to
find other proteins that may have a role in the pathogenesis
of dysferlin myopathies.

In conclusion, our results suggest that in dysferlin myo-
pathy (i) there is an active process of fiber type conversion
along the progression of the disease that may have ther-
apeutic implications in early stages of the disease and (ii) the
expression of proteins involved in muscle differentiation
pathways is dysregulated.
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12. Anexo

Meétodos no incluidos en los articulos

Ensayo de proliferacion de fibroblastos

Los cultivos celulares primarios de fibroblastos seo btuvieron de explantes de biopsia de
piel de pacientes con escleromixedema y controles. El medio de cultivo utilizado para el
cultivo de fibroblastos contiene MEM (Gibco), suplementado con 10% (v/v) de suero
bovino fetal inactivado, 2mM L- glutamina, 100U/ml de penicilina y 100ug/ml de
estreptomicina. Para los ensayos de proliferacion celular, los fibroblastos de piel normal
(A) y los de excleromixedema (B) fueron cultivados en placas de 96 pocillos a una
densidad de 20.000 células / pocillo en medio MEM suplementado con 10% de suero
humano inactivado o suero humano normal. Des pues de 48h de incubacion, se afiadio
1uC de timidina *H/pocillo durante 18 horas. Los fibroblastos se despegaron con

tripsina-EDTA, y la radioactividad se ley6 en un contador de centelleo (Packard).

25000 O Control fibroblasts
W Patient fibroblasts

15000

Cpms

10000

0 — —— - — —

medium ARA-C BCNU Melphalan Melphalan 7 weeks

Figura articulo 1

Proliferacion de los fibroblastos controles y fibroblastos del paciente con los diferentes tratamientos
quimioterapéuticos. Observamos un aumento de la proliferacion en los fibroblastos del pacientes en
condiciones normales de cultivo, cuando estas fibroblastos son tratados con las diferentes tratamientos se
aprecia que el indice de proliferacion después de un periodo de 24 horas se estabiliza a los niveles

normales.
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Fe de errata

En la figura 1A del articulo 1 publicado en la revista Blood en el apartado A (ii, v, viii)
donde se indica Post-ASCT deberia aparecer Pre-ASCT. Asimismo, en la figura 1B (ii)
donde se indica Post-ASCT deberia también aparecer Pre-ASCT. Sin embargo, en el

pie de figura estos datos estan indicados correctamente.
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Mutations in dysferlin cause a type of muscular dystrophy known
as dysferlinopathy. Dysferlin may be involved in muscle repair and
differentiation. We compared normal human skeletal muscle cul-
tures expressing dysferlin with muscle cultures from dysferlinopa-
thy patients. We quantified the fusion index of myoblasts as a meas-
ure of muscle development and conducted optic and electronic
microscopy, immunofluorescence, Western blot, flow cytometry,
and real-time PCR at different developmental stages. Short inter-
ference RNA was used to corroborate the results obtained in dysfer-
lin-deficient cultures. A luciferase reporter assay was performed to
study myogenin activity in dysferlin-deficient cultures. Myoblasts
fusion was consistently delayed as compared with controls whereas
the proliferation rate did not change. Electron microscopy showed
that control cultured cells at 10 days were fusiform, whereas dysfer-
lin-deficient cells were star-shaped and large. After 15 days the nor-
mal multinucleated appearance and structured myofibrils were not
present in dysferlin-deficient cells. Strikingly, myogenin was not
detected in myotubes from dysferlin-deficient cultures using West-
ern blot, and mRNA analysis showed low levels (p < 0.05) compared
with controls. Flow cytometry and immunofluorescence also
showed reduced levels of myogenin in dysferlin-deficient cultures.
When the dysferlin gene was knocked down (~80%), myogenin
mRNA leveled down to ~70%. MyoD and desmin mRNA levels in
controls and dysferlin-deficient cultures were similar. The reporter
luciferase assay demonstrated a low myogenin activity in dysferlin-
deficient cultures. These results point to a functional link between
dysferlin and myogenin, and both proteins may share a new signal-
ing pathway involved in differentiation of skeletal muscle in vitro.

Dysferlin is a 230-kDa protein located at the cell membrane of muscle
cells. Mutations in the dysferlin gene cause a heterogeneous group of
muscular dystrophies named dysferlinopathies (1—4).

The homology of dysferlin with fer-1 of Caenorhabditis elegans sug-
gests a role for this protein in the fusion of intracellular vesicles with the
sarcolemma (5). Dysferlin has recently been reported to be implicated in
skeletal muscle membrane repair (6, 7). Studies performed using the
mouse cell line C2C12 showed that dysferlin was expressed at low levels
in myoblasts and at high levels in mature myotubes (8). In a previous
study, in normal primary human muscle cultures, we reported that both

* This work was supported by grants from the Fondo de Investigacién Sanitaria (Pl
02/0388 and PI 03/1387) and from the Ministerio de Ciencia y Tecnologia (SAF
03/9240). The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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dysferlin mRNA and protein expression were higher in multinucleated
myotubes than at the myoblast stage, suggesting dysferlin plays a role in
muscle differentiation (9).

The myogenic regulatory factors (MRFs)* contain a conserved se-
quence-specific DNA binding domain and a helix-loop-helix motif
required for heterodimerization. Two groups of MRFs are expressed in a
temporally distinct pattern. Primary MRFs (MyoD and Myf-5) are
required for myogenic determination, whereas the secondary MRFs
(myogenin and MRF-4) are needed downstream of MyoD and Myf-5 as
differentiation factors (10). Null mutations in the myogenin gene cause
a severe reduction of skeletal muscle mass, showing that myogenin is
essential for muscle development in vivo (11). Mutations in MyoD,
Myf-5, and MRF-4 do not lead to morphological abnormalities of skel-
etal muscle (12-14).

In this study, we analyzed human skeletal muscle cultures from dys-
ferlinopathy patients and normal controls at different developmental
stages. Morphological changes and differences in the expression of the
MRFs, MyoD as a proliferation muscle marker and myogenin as a dif-
ferentiation marker, were studied using different methods.

EXPERIMENTAL PROCEDURES

Primary Human Skeletal Muscle Cultures—Muscle biopsies from
three normal controls (Dysf*’*) and from three sex and age-matched
dysferlinopathy patients (Dysf/~) with total absence of the protein in
Western blot (W-B) and immunohistochemical analysis were used for
this study. All muscle biopsies were taken from triceps muscle.

Human muscle biopsies were minced and cultured in a monolayer
according to the method described by Dr. Askanas (15). Briefly, the
culture medium for the myoblast stage contains 75% Dulbecco’s mini-
mal essential medium (Invitrogen) and 25% M199 medium (Invitrogen),
supplemented with 10% fetal bovine serum (FBS), 10 ug/ml insulin, 2
mM glutamine, 100 units/ml penicillin, 100 ug/ml streptomycin, 0.25
pg/ml fungizone, 10 ng/ml epidermal growth factor, and 25 ng/ml
fibroblast growth factor.

To obtain highly purified myoblasts, primary cultures were sorted for
the early surface marker CD56 by immunomagnetic selection. Each 107
cells were mixed with 20 ul of CD56-coated microbeads (Milteny Bio-
tec, Bergisch Gladbach, Germany) and incubated at 6 =12 °C for 15 min.
Unbound microbeads were removed by washing cells in excess PBS
buffer followed by centrifugation at 300 X g for 10 min. The cell pellet
was resuspended in PBS buffer to a concentration of 2 X 10° cells/ml
before separation on a midiMACS cell separator (Milteny Biotec,
Bergisch Gladbach, Germany).

2 The abbreviations used are: MRF, myogenic regulatory factor; FBS, fetal bovine serum;
PBS, phosphate-buffered saline; FI, fusion index; EM, electron microscopy; W-B, West-
ern blot; M.F.l, mean fluorescence index; siRNA, short interfering RNA; TK, thymidine
kinase; RER, rough endoplasmic reticulum.
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CD56-positive cells were seeded at 2000 cells/cm?® using the culture
medium for the myoblast stage containing 15% of FBS and without
growth factors to avoid interference with the results. At day 10, when
the myoblasts started to fuse, the medium was substituted with one
containing 2% of FBS. The medium was changed twice a week, and the
muscle cultures were examined to confirm confluent growth of myo-
blasts or myotubes. Each condition was performed in duplicate.

We measured the fusion index (FI) at each stage (5, 10, and 15 days)
by calculating the mean percentage of nuclei in myotubes in respect to
the total number of nuclei (myoblasts + myotubes) found in five ran-
domly chosen areas. A cell number count was conducted to the analyze
culture growth rate at each stage.

Electron Microscopy (EM)—Dysf™'* and Dysf '~ myoblasts were
seeded at 2000 cells/cm? in a Lab-Tek chamber slides of 4 wells (Nalge
Nunc International, Naperville, IL) and were fixed in 3.5% glutaralde-
hyde for 30 min at 37 °C. Cells were postfixed in 1% OsO, for 30 min at
room temperature and stained in 2% uranyl acetate in the dark for 1 h at
4.°C. Finally, cells were rinsed in sodium phosphate buffer (0.1 M, pH
7.2), dehydrated in ethanol, and infiltrated overnight in Araldite (Durcu-
pan, Fluka, Buchs SG, Switzerland). Following polymerization, embedded
cultures were detached from the chamber slide and glued to Araldite
blocks. Serial semi-thin (2 wm) sections were cut with a diamond knife and
mounted onto slides and stained with 1% toluidine blue. Semi-thin sec-
tions were glued (Super Glue) to Araldite blocks and detached from the
glass slide by repeated freezing (in liquid nitrogen) and thawing. Ultra-
thin (0.05 um) sections were prepared with an Ultracut UC-6 (Leica,
Heidelberg, Germany), stained with lead citrate, and photographed on a
Jeol 1010 CX electron microscope.

Immunofluorescence—Cells cultured on glass coverslips were
fixed in acetone:methanol (1:1), and immunofluorescence of human
skeletal muscle culture was performed as described previously (16).
Briefly, after 30 min in blocking solution, the samples were incubated
overnight with a monoclonal antibody anti-desmin, anti-dysferlin
(Novocastra, Newcastle upon Tyne, UK), and anti-myogenin (Santa
Cruz Biotechnology Inc., Santa Cruz, CA), followed by 45 min with
biotinylated horse anti-mouse IgG (5 ug/ml) (Vector Laboratories
Inc., Burlingame, CA). The samples were rinsed with phosphate-
buffered saline and incubated with avidin-fluorescein (1 pg/ml)
(Vector Laboratories Inc.). Coverslips were then mounted in a glyc-
erol medium containing polyvinyl alcohol (Fluoprep, BioMerieux,
Marcy L’Etoile, France). As a negative control, sections were pro-
cessed using either an isotype-matched monoclonal antibody to an
unrelated antigen (monoclonal mouse anti-cytomegalovirus) or
without a primary antibody but using the same secondary antibody.
The nuclei were dyed with ethidium bromide. Finally, the samples
were examined using an Axioscop 2 plus photomicroscope equipped
with epifluorescence optics (Carl Zeiss Microscope, Munich,
Germany).

Western Blot—Cell samples corresponding to each day analyzed
(days 5, 10, and 15) were scraped from the human muscle culture
dish and quickly weighed and homogenized twice for 15 s in 19
volumes of treatment buffer containing 0.125 mol/liter Tris/HCl
buffer, pH 6.4, 10% glycerol, 4% SDS, 4 mol/liter urea, 10% mercap-
toethanol, and 0.001% bromphenol blue (final pH of treatment buffer
was 6.8) as described previously (17). The samples were placed in
boiling water for 3 min and centrifuged at 9500 X g for another 3 min
before 30 ul aliquots of the supernatants (equivalent to ~200 ug of
non-collagen protein) were applied to each lane. Unspecific binding
sites on the blots were blocked by incubation in 5% low fat dried milk
powder in a phosphate buffer saline. The primary mouse monoclonal
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antibody was then added. Peroxidase-conjugated anti-mouse sec-
ondary antibody (Dako P260, Glostrup, Denmark) was applied at a
1:300 dilution when using anti-dysferlin antibody (Novocastra) and
at a 1:10,000 dilution when using anti-B-actin (Sigma, Steinheim,
Germany) as a primary antibody. When anti-myogenin antibody (BD
Biosciences) was used as a primary antibody, the secondary antibody
was a horse anti-mouse labeled to biotin (Vector Laboratories, Inc.).
Immunoreactive bands were visualized by an enhanced chemiolumi-
nescence system (Pierce). Since myogenin and B-actin have a similar
molecular mass (34 and 42 kDa, respectively), the membrane was
first incubated with myogenin. After development, membranes were
briefly washed with PBS and incubated for 15 min with Restore
Western blot stripping buffer (Pierce) to eliminate bound myogenin
antibody. Membranes were then incubated with the antibody anti-
B-actin, as indicated above.

Flow Cytometry—One-color flow cytometry was performed for the
detection of human myogenin. Monoclonal primary antibody anti
human myogenin (clone D-10, mouse IgG3, Santa Cruz Biotechnology
Inc.) and an IgG isotype control were used to stain myotubes from both
normal controls and dysferlinopathy patients. Cells were trypsinized,
fixed with cold 4% formaldehyde in PBS for 1 h at 4 °C, and permeabi-
lized with 0.4% Triton-X-100 for 15 min at 37 °C. Positive signals were
detected by adding fluorescein isothiocyanate-labeled goat anti-mouse
IgG (H+L) (Jackson ImmunoResearch Europe Ltd., Cambridgeshire,
UK). Cells were finally acquired and analyzed in a FACScan cytometer
(BD Biosciences). Expression levels of myogenin were referred to as
mean fluorescence index (M.E.I).

RNA Extraction and Real-time PCR—RNA from muscle cultures at
the three stages (days 5, 10, and 15) was extracted using Ultraspec (Bio-
tech Laboratories, Inc., Houston, TX) following the manufacturer’s
instructions. Total RNA (0.2 ug) of muscle cultures at each stage was
reverse transcribed into cDNA using TagMan reverse transcriptase
(Applied Biosystems, Inc.).

Quantification of the mRNA coding for dysferlin, desmin, MyoD,
myogenin, and 18S as internal standard was performed using TagMan
Universal Master Mix technology (Applied Biosystems). Quantitative
PCR was performed in a total reaction volume of 20 ul per well. The
primers used for real time PCR were designed by Applied Biosystems:
dysferlin, Hs 00243339_ml; MyoD, Hs 00159528_ml, myogenin Hs
00231167_ml, desmin Hs 00157258_ml, and 18S, Hs 99999901 sl
(Applied Biosystems). The comparative C; method (AAC;) for relative
quantification of gene expression was used. As long as the target and
normalizer (18S) have similar dynamic ranges, this method is the most
practical. The calculations for the quantification start with differen-
tiating (AC;) between the target C;, values and the normalizer:
AC;, = C;(target) — C; (normalizer). The AC; value was calculated
for each sample. A pool of myoblast Dysf™/* was used as a reference
(base line). The comparative AAC - calculates the difference between
sample AC, value and the base-line AC;. Finally, the comparative
expression level was obtained transforming the logarithmic values to
absolute values using 27247, The “¢” test was used for statistical
analysis.

RNA Interference Dysferlin Knockdown—The oligonucleotides for
the construction of a short interfering RNA (siRNA) were designed
following the manufacturer’s instructions for the Silencer siRNA con-
struction kit (Ambion, Austin, TX). The sense and antisense siRNA
oligonucleotide templates for dysferlin were: 5'-AAGAAGAGAAC-
CAAAGTCATCCCTGTCTC-3" and 5 -AAGATGACTTTGGTTCT-
CTTCCCTGTCTC-3'. The luciferase gene was used as a negative control,
and the oligonucleotide templates used to create the double-stranded
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RNA were: 5'-AACTTGGCAAGTATACGGTTGCCTGTCTC-3' and
5'-ACAACCGTATACTTGCCAAGCCTGTCTC-3'. The siRNA trig-
gers degradation of homologous mRNA by the formation of double-
stranded RNA. 25,000 cells/cm? were transfected with siRNA/siPORT
Amine (Ambion) at a concentration of 20 nm/6 ul. The appropriate trans-
fection agent was determined previously, demonstrating that the amine
siPORT transfection agent (Ambion) provided a stronger silencing effect as
compared with the lipid siPORT transfection agent (Ambion) in these cells.
Muscle cultures were incubated with siRNAs mix and the transfection
agent alone and analyzed at 24, 48, and 72 h.

Construction of Luciferase Reporter Gene Plasmids—We used RNA
from control myotubes as a template to amplify a 329-bp fragment
containing an E-box (CAGCTG), which is recognized by myogenin.
An retrotranscriptase PCR reaction using a previously described
primer pair (18) that appended unique Bglll and Nhel sites on the 5'-
and 3'-ends was performed. The amplified sequence was digested
using BglIl and Nhel restriction enzymes (Promega, Madison, W1I)
and cloned in frame into a pGL3-basic luciferase vector (Promega)
opened with the same set of enzymes. The ligation reaction was
performed using T4 DNA ligase (Promega). The correct open read-
ing frame and the orientation of the cloned fragment were confirmed
by DNA sequencing. The plasmid pGL3-basic containing the E-box
recognized by myogenin was purified using endotoxin-free Maxi-
prep (Qiagen, Valencia, CA).

Transient Transfection—Myoblasts from Dysf™'* and Dysf ™/~ were
seeded at 5000 cells/cm? in 24-well plates 1 day before the transfection.
Cells were transfected with 0.5 ug of DNA using FUuGENE 6 (Roche
Diagnostics) at a ratio of 1:6. As internal control for each transfection,
cells were co-transfected with 10 ng of the plasmid RL-TK (Promega)
expressing Renilla under the herpes simplex virus promoter.

Luciferase Assay—The culture medium was discarded after 48 h,
and cells were washed twice with PBS. For the luciferase assay, we
used the dual-luciferase reporter assay system (Promega). Transient
transfectants were harvested with lysis buffer, and the luciferase
activity was measured with a luminometer (Victor 3, PerkinElmer
Life Sciences). The values obtained were normalized with Renilla
activity. We used the pGL3-basic vector without insert as a negative
control.

RESULTS

Myotube Formation Is Slower in Dysf ’~ than in Dysf™™ Muscle
Cultures—The analysis of cellular growth of Dysf™'~ human muscle
cultures compared with Dysf*’* cultures showed no significant differ-
ences in the proliferation rate (Fig. 14). However, at days 10 and 15,
while the FI increased considerably in Dysf*’* muscle cultures, it
remained very low in Dysf ™/~ muscle cultures (p < 0.05) (Fig. 1B).

Electron Microscopy Revealed Abnormal Differentiation of Dysf '~
Primary Cultures—Morphological differences were appreciated in
semi-thin sections and EM at 10 and 15 days of culture. At day 10, while
Dysf*/™ cultured cells were mostly fusiform, with a diameter of 10-20
um and often multinucleated, Dysf ~'~ myoblasts were in general star-
shaped and had a diameter of 30-50 wm. At EM, Dysf '~ myoblasts
showed enlarged rough endoplasmic reticulum (RER) cisterns, large
Golgi complexes, and a heterogeneous population of lysosomes. Smooth
endoplamic reticulum was greatly developed. In contrast, in Dysf™* cells,
RER cisterns were not enlarged or only slightly enlarged. Lysosomes were
not abundant, and the heterogenous shapes found in Dysf '~ were not
observed.

At 15 days of culture, analysis by light microscopy demonstrated

f+/+

some myotube Dys containing up to eight nuclei (Fig. 24). How-
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FIGURE 1. Dysf~/~ skeletal muscle cultures show normal proliferation rates and
delayed myotube formation. A, comparison of cell culture growth of dysferlinopathy
patients (Dysf /™) and control (Dysf*’") skeletal muscle cultures. The number of cells
(2000 cells/cm?) in muscle cultures used at the beginning of the experiment was the
same in both groups. At day 10, the culture medium was changed for one containing 2%
of FBS. There were no statistically significant differences between Dysf™/* and Dysf ~/~
cultures, except that those from Dysf ~/~ grew more slowly than controls. B, comparison
of the Fl of Dysf '~ and Dysf*/*. In Dysf ~/~ muscle cultures, myoblasts started to fuse
later than in those of Dysf*/* (¥, p < 0.05). Myoblasts in Dysf*/* cultures started to fuse
ata very early stage in muscle development, while those in the Dysf =/~ muscle cultures
started to fuse at day 15.

ever, in Dysf ’/~ muscle cultures the majority of myotubes were
binucleated (Fig. 2B). Interestingly, some of the images observed
resembled fusion phenomena by phagocytosis. Indeed, many pic-
notic nuclei were found, in agreement with the scarce number of
cells bearing more than one nucleus in Dysf '~ cultures. At this
point, Dysf™/* cells had a more prominent fusiform shape, whereas
Dysf ™/~ cells remained star-shaped. The myofibril structure was
clearly observed in Dysf™* cells (Fig. 2, C and E) but was not visible
in Dysf /" cells. Myofibril structure was disorganized in Dysf ™'~
cells (Fig. 2D). RER remained enlarged in Dysf ~’~ muscle cells, and
the number of lysosomes and vacuoles was higher than in Dysf™/*
(Fig. 2F). Mitochondrial morphology was also very irregular in
Dysf™ ™ cultures at 15 days, compared with that of Dysf™* cells.

Dysferlin Expression Is Absent in Myotube Dysf~'~—Immunofluo-
rescence results showed that there were no dysferlin expression in myo-
blasts in control cultures at days 5 and 10. When myoblasts started to
fuse to form myotubes, dysferlin expression increased, reaching its max-
imum levels at day 15 following the pattern previously described (9).
Interestingly, dysferlin accumulated at the growing bud (end of the
myotube) from day 15 (Fig. 3, A—C). In Dysf '~ cultures, we did not
detect dysferlin expression at any of the three stages (days 5, 10, and 15)
(Fig. 3, D-F).

Dysferlin expression in human primary muscle cultures from control
biopsies was detectable from day 10 using W-B analysis. Protein expres-
sion remained at similar levels until day 15. W-B of dysferlin in Dysf ~/~
muscle cultures showed no bands corresponding to the molecular mass
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FIGURE 2. Semi-thin and ultra-thin sections
from Dysf~/~ muscle cultures show abnormal
differentiation of myotubes. A and B, semi-thin
sections of myoblasts cultured for 15 days and
stained with toluidin blue. A, note myotubes with
oval nuclei from a control Dysf*/* culture. B,
observe the irregular forms of the Dysf /™ cells,
with large cytoplasms and a single nucleus. C-F,
ultraestructural analysis using transmission elec-
tron microscopy. C, EM of myotubes from Dysf /"
with neatly organized myofibrils throughout the
myotubes. D, cytoplasm from Dysf /= cultures
with disorganized myofibrils, as well as scattered
cytoplasmic organelles; note also the presence of
dense bodies, such as lysosomes (arrows). Inset,
detail of disorganized myofibrils. E, detail of
another Dysf*/* myotube, showing early skeletal
muscle sarcomere (arrows). F, detail of a Dysf ~/~
culture, showing large expansions of endoplasmic
reticulum (arrows), rarely seen in Dysf*/* cultures.
Moreover, the Dysf /™ culture displays large dic-
tyosomes surrounded by clusters of vesiculae. D,
dyctiosome; N, nucleus. Scale bar: 10 um (Aand B),
1 wm (C); 0.5 um (in D), 0.2 wm (inset in D), T um
(E), 0.5 um (F).

Day 5 Day 10

o - -

o - - -

of dysferlin or lower at any of the stages analyzed either in myoblasts or
in myotubes (data not shown).

MyoD Expression Is Normal, but Myogenin Is Reduced in Dysf ”~ Muscle
Cultures—MyoD and desmin mRNA levels were no different from those of
control cultures. MyoD expression in control cultures was higher in the
proliferation than in the differentiation stages, reaching its maximum levels
at day 5. MyoD expression showed the same pattern in Dysf '~ cultures at
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FIGURE 3. Dysferlin is not expressed in either
Dysf*/* and Dysf~/~ myoblasts or in Dysf~/~
myotubes. Dysferlin antibody was incubated
with a secondary antibody labeled with fluores-
cein isothiocyanate, and the nuclei were dyed
with ethidium bromide. A-C, dysferlin immun-
ofluorescences from control skeletal muscle cul-
tures (Dysf*/™). Dysferlin staining was present in
myotube stages of Dysf*/* muscle cultures (day
15). An accumulation of dysferlin was observed in
the growing pole of myotube. This region was
involved in fusion phenomena of myoblasts
(arrowheads). D-F, dysferlin immunofluorescence
from dysferli-deficient skeletal muscle cultures
(Dysf /7). Dysferlin was absent in all stages of
development of skeletal muscle cultures. Scale
bar =5 um.

all the days analyzed, with slightly reduced levels as compared with controls.
However, these differences were not statistically significant.
Myogenin expression was tested at days 5, 10, and 15 in Dys
and Dysf /" skeletal muscle cultures. In Dysf™/*
was expressed from day 10. However, in Dysfﬂf cultures, no bands

f+/+

cultures, myogenin

corresponding to myogenin protein were observed at any of the
stages analyzed (Fig. 4A). Immunofluorescence of Dysf '~ myo-
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FIGURE 4. Western blot, immunofluorescence, and flow cytometry of Dysf*/* and Dysf

Myotubes
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Myogenin

~/~ muscle cultures shows reduced expression of myogenin in the absence of

dysferlin. A, Cells corresponding to the three different stages were processed for W-B. 200 ug of non-collagen protein was added in each lane, and antibody anti-B-actin was used
as a loading control. In Dysf*™* cultures, myogenin was absent in the early stages of myoblasts (day 5) and was detected when myotubes were abundant (day 15). Myogenin could
not be detected in Dysf ~/~ extracts from any of the days analyzed and presented a severe reduction even at the myotube stage. B, Dysf*/* myotube nuclei showed positive staining
for myogenin. C, myogenin expression was reduced in Dysf ~/~ myotubes. D, acquisition and analysis of Dysf*/* and Dysf ~/~ myotubes by flow cytometry showed a decrease in the
expression of myogenin in myotube Dysf ~/~ (M.F.I.: 12.4) with regard to Dysf*/* myotubes (M.F.l.: 20.3). Scale bar: 50 um.

tubes using an anti-myogenin antibody showed that the nuclei stain-
ing were weaker than in control myotubes (Fig. 4, B and C).

Using flow cytometry, we then examined whether myogenin expression
in control myotubes was higher than in Dysf ~/~. A flow cytometry assay
with an anti-human myogenin antibody showed a decreased expression of
myogenin in the Dysf ~/~ myotubes (M.F.L: 12.4) compared with Dysf™/*
myotubes (M.F.I: 20.3) (Fig. 4D).

Similar results were obtained when mRNA levels were studied, show-
ing that a reduced expression of myogenin paralleled a reduction of
dysferlin mRNA in Dysf '~ muscle cultures (» < 0.05) (Fig. 5, A and B).
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Dysferlin siRNA Effectively Reduces Dysferlin mRNA Levels—To
further demonstrate the link between dysferlin and myogenin
mRNA expression, we performed real-time PCR on cultures treated
with dysferlin siRNA. Dysferlin mRNA was not reduced in the first
24 h. However, after 48 h of treatment with dysferlin siRNA, cultures
showed a significant reduction of dysferlin mRNA (~80%) compared
with those treated with luciferase siRNA (p < 0.01). This observation
paralleled with a reduction of myogenin of ~70% (p < 0.01) observed
in cultures treated with dysferlin siRNA (Fig. 6). At 72 h, both dys-
ferlin and myogenin mRNA reached normal levels of expression. As
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FIGURE 5. Dysferlin and myogenin mRNA expression is reduced in Dysf '~ cultures.
A, the dysferlin mRNA expression was low at all three stages in Dysf ~/~ cultures (black
bars), compared with Dysf*/* muscle cultures in which the mRNA expression increased
with skeletal muscle differentiation (white bars) (*, p < 0.05). B, myogenin mRNA in pro-
liferation stages (days 5 and 10) showed low levels both in Dysf*/* and Dysf =/~ muscle
cultures. At myotube stages, mRNA levels increased in Dysf*/* (white bars) (day 15) but
remained low in in Dysf ~/~ (black bars) (*, p < 0.05).

a control, we analyzed desmin mRNA expression and no differences
were found between cultures treated with dysferlin siRNA or lucif-
erase siRNA. At 24, 48, and 72 h we also analyzed the FI, and no
differences were found between muscle cultures treated with dysfer-
lin siRNA and the controls.

Luciferase Reporter Activity Containing an E-box Activated by Myo-
genin Was Lower in Dysf '~ Patients—To demonstrate the reduction of
myogenin levels observed in Dysf '~ cultures, we performed a func-
tional study using a pGL3-basic luciferase reporter plasmid containing a
specific E-box as a myogenin target. Luciferase assays demonstrated
significant differences between Dysf*’* and Dysf™'~ cultures. The
reporter gene was highly expressed in Dysf™/* cultures, indicating that
myogenin had a normal activity. In contrast, in Dysf '~ cultures the
reporter expression of firefly Renilla activated by myogenin was signif-
icantly decreased (p < 0.001) (Fig. 7). This result suggests that myogenin
down-regulation in Dysf ~/~ cultures may have functional implications.

DISCUSSION

Our study in human skeletal muscle primary cultures shows that the
absence of dysferlin remarkably alters the process of muscle differenti-
ation in vitro and points to a signaling pathway that would involve dys-
ferlin and myogenin. The cultures from the three Dysf '~ muscles
showed complete absence of dysferlin expression in the cellular mem-
brane both in myoblasts and myotubes at all stages analyzed. In contrast,
the three normal primary cultures showed that dysferlin was progres-
sively up-regulated from the myoblast to the myotube stage, as
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FIGURE 6. Dysferlin siRNA efficiently reduced dysferlin and myogenin expression in
muscle cells. After 48 h of siRNA treatment a significant reduction of dysferlin mRNA
expression was obtained when muscle cultures were treated with dysferlin siRNA com-
pared with treatment of luciferase siRNA (¥, p < 0.01). Myogenin mRNA expression was
also significantly reduced (¥, p < 0.01) after 48 h of dysferlin silencing, reaching levels of
~70% of expression reduction. The analysis of desmin mRNA levels was used as control,
and no differences were observed between cultures treated with dysferlin siRNA and
those treated with luciferase siRNA.
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FIGURE 7. Myogenin binding to the E-box sequence is reduced in Dysf '~ cultures.
Confluent myoblasts were co-transfected with the luciferase pGL3-Basic vector contain-
ing a specific myogenin binding sequence (E-box) and a plasmid RL-TK expressing
Renilla under the herpes simplex virus TK promoter as an internal control. Bars on the left
show basal levels of luciferase activity in both Dysf*’* (white bars) and Dysf ~/~ (gray
bars) cultures transfected with an empty vector (without the E-box). When cultures were
transfected with the vector containing the E-box (bars on the right), luciferase activity
decreased considerably in Dysf =/~ (gray bar) cultures compared with control cultures
(white bar) (*, p < 0.05), indicating that levels of myogenin are highly reduced in the
cultures from patients Dysf /™.

described previously (9). The absence of dysferlin seen in vitro corre-
lated with the absence of dysferlin in vivo in the muscle biopsy of the
three patients studied both by immunofluorescence and W-B.

By means of immunohistochemistry, we also found an accumulation
of dysferlin at the sites of the myotubes where myoblasts fuse (growing
buds) in Dysf*’* muscle cultures, suggesting the involvement of dysfer-
lin in fusion events. Semiquantitative real-time PCR showed a low
expression of dysferlin mRNA in Dysf ™'~ muscle cultures at the myo-
tube stage. This was probably due to an instability of dysferlin mRNA
and may explain why we did not detect the protein product by W-B or
immunohistochemistry.

In view of the lack of expression of dysferlin at the myoblast stage in
normal muscle, we did not anticipate significant differences between
Dysf /= and Dysf*’* cultures, and in fact, the proliferation rate in
Dysf ™/~ myoblasts was similar to that of controls. Accordingly, the
levels of the primary MRF MyoD did not differ from Dysf*’* cultures.
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In contrast, in Dysf /~ cultures, myoblasts showed a reduced FI as
compared with control cultures. Strikingly, Dysf ~/~ cultures displayed
a reduction of myogenin mRNA levels by semiquantitative real-time
PCR, and the protein was undetectable by W-B. These findings were
confirmed at the protein level using immunohistochemistry and flow
cytometry, which showed a severe reduction of myogenin in Dysf '~
myotubes. These results suggest that myogenin could be involved in the
defective muscle differentiation observed in Dysf ~/~ cultures, meas-
ured as lower FL

When we analyzed myogenin mRNA levels at early stages (days 5 and
10), we found that it was low both in Dysf™’* and Dysf ™/~ muscle
cultures, in agreement with the function of this secondary MRF, which
is expressed with the differentiation toward the myotube stage.

In addition, using a luciferase activity-based assay, we demonstrated a
diminished activity of myogenin only in Dysf ~'~ myotubes. This poten-
tial link between dysferlin and myogenin was further confirmed by
siRNA assays, since the knockdown of dysferlin gene in vitro conveyed a
myogenin mRNA reduction. All together, these findings suggest that
dysferlin is somehow involved in the muscle differentiation pathway
conducted by myogenin.

As described previously, myogenin expression in Dysf*’* cultures
was up-regulated during myoblast differentiation both in culture and
in vivo (19), in a similar pattern to dysferlin expression in vitro (9). Con-
tinuous cell lines of myoblasts isolated from myogenin mutant embryos
from null mice deficient in myogenin normally differentiate in culture
(20), indicating that various myoblast differentiation pathways must
co-exist in vitro. In vivo, homozygous mutant myogenin null mice die
perinatally due to a severe defect in the diaphragm. These mice pre-
sented a significant reduction in skeletal muscle mass throughout the
body (11, 20). However, in the present study, the number of myoblasts
appeared to be normal, confirming that myogenin is not required for
lineage commitment but is needed for terminal differentiation. In agree-
ment with these observations, the ultrastructure of Dysf ~/~ myoblasts/
myotubes differed from that of control cultures. Our findings in
Dysf ~/~ muscle cultures correlated with the original description of
muscle biopsies from Miyoshi myopathy patients in which abnormali-
ties of Z-disk, loss of myofilaments, dilatation of RER, and sarcolemmal
vacuoles were observed (21). Myofiber disorganization and absence of
Z-lines is also observed in homozygous mutant myogenin null mice (11,
20). Together with other ultrastructural disturbances, the absence of
properly organized myofibrils at day 15 confirms the impairment in
muscle differentiation observed in skeletal muscle cultures from dysfer-
linopathy patients.

Myogenin is a member of the basic helix-loop-helix gene family,
which is essential for muscle development. In adult skeletal muscle
myogenin expression is coincidental with satellite cell differentiation
and fusion (22), and we have reported that dysferlin is expressed in
activated satellite cells in adult skeletal muscle (9) indicating its role in
muscle regeneration. In addition, dysferlin is involved in sarcolemmal
repair mechanisms (6). The interaction of dysferlin with annexins A1l
and A2 indicates that they may play a role in the aggregation and fusion
of intracellular vesicles in response to membrane injury (7). Caveolin-3,
which has been shown to interact with dysferlin (23), could also partic-
ipate in vesicle fusion to the sarcolemma. Dysferlin also interacts with
affixin, an intracytoplasmic protein that accumulates in the disruption
site of the membrane and plays an important role in wound healing (24).
All these data point to the hypothesis that dysferlin could act as a cal-
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cium sensor that regulates membrane repair machinery (25). Indeed,
the calcium-sensitive interaction of the C2A domain of dysferlin with
phospholipids supports its role in membrane fusion events. However,
since dysferlin is a large protein, and the remaining five C2 domains do
not necessarily bind Ca** and phospholipids, it is reasonable to hypoth-
esize that they may participate in protein-protein interactions (8) and
signal transduction pathways (26). The absence of dysferlin would
impair these other functions and, among other effects, disrupt myoge-
nin expression. Further studies are needed to elucidate which proteins/
factors interact with C2 domains of dysferlin to positively regulate myo-
genesis by increasing myogenin gene transcription.

In conclusion, this study supports the role of dysferlin in human
muscle fusion and differentiation in vitro. Furthermore, it provides
evidence of a link between dysferlin and myogenin and suggests they
share a signaling pathway involved in differentiation of skeletal mus-
cle in vitro.
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Abstract

Limb-girdle muscular dystrophy type 2A (LGMD2A) is a recessive genetic disorder caused by mutations in calpain 3 (CAPN3).
Calpain 3 plays different roles in muscular cells, but little is known about its functions or in vivo substrates. The aim of this
study was to identify the genes showing an altered expression in LGMD2A patients and the possible pathways they are
implicated in. Ten muscle samples from LGMD2A patients with in which molecular diagnosis was ascertained were
investigated using array technology to analyze gene expression profiling as compared to ten normal muscle samples.
Upregulated genes were mostly those related to extracellular matrix (different collagens), cell adhesion (fibronectin), muscle
development (myosins and melusin) and signal transduction. It is therefore suggested that different proteins located or
participating in the costameric region are implicated in processes regulated by calpain 3 during skeletal muscle
development. Genes participating in the ubiquitin proteasome degradation pathway were found to be deregulated in
LGMD2A patients, suggesting that regulation of this pathway may be under the control of calpain 3 activity. As frizzled-
related protein (FRZB) is upregulated in LGMD2A muscle samples, it could be hypothesized that f-catenin regulation is also
altered at the Wnt signaling pathway, leading to an incorrect myogenesis. Conversely, expression of most transcription
factor genes was downregulated (MYC, FOS and EGR1). Finally, the upregulation of IL-32 and immunoglobulin genes may
induce the eosinophil chemoattraction explaining the inflammatory findings observed in presymptomatic stages. The
obtained results try to shed some light on identification of novel therapeutic targets for limb-girdle muscular dystrophies.
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studies demonstrated that AHNAK, a novel component of the
dysferlin protein complex, serves as a direct substrate of calpain 3
in cell culture [9].

Introduction

Limb-girdle muscular dystrophy type 2A (LGMD2A) is a

recessive genetic disorder caused by mutations in calpain 3
(CAPNS3), a muscle-specific, calcium-dependent cystein protease.
Calpain 3 structure is similar to that of the ubiquitous calpains 1
and 2, but calpain 3 has specific regions (NS, IS1, and IS2) that
confer it special characteristics such as autocatalytic and nuclear
translocation capacity. Although calpain 3 was identified in 1989
[1], little is known about its function or its i vivo substrates. It has
been reported to play different roles in the cell. Calpain 3 has a
certain role in direct and indirect regulation of conventional
calpains by proteolytic degradation of calpains and calpastatin
respectively [2]. It may be involved in muscle contraction due to its
link to titin and to its regulation by calcium [3-7].

Calpain 3 was shown to be in complex with dysferlin, suggesting
a membrane homeostasis role of calpain 3 [8], and more recent

@ PLoS ONE | www.plosone.org

On the other hand, it has been confirmed that calpain 3 can cleave
the C-terminal portion of FLNC iz vitro and suggested that FLNC
may be an ¢ viwo substrate for calpain 3, functioning to regulate
protein-protein interactions with sarcoglycans. Thus, calpain-medi-
ated remodeling of cytoskeletal-membrane mteractions, such as those
occurring during myoblast fusion and muscle repair, may involve
regulation of FLNC-sarcoglycan interactions [10].

Its presence in the nucleus has led to suggest that calpain 3 plays
an important role in regulation of transcription factors indirectly
controlling apoptotic processes [11,12]. Recent studies reported
that the antiapoptotic factor, cellular FLICE inhibitory protein (c-
FLIP), is NF-kB dependent and is only expressed when CAPN3 is
present [13]. However, other studies suggest that apoptosis may be
secondary to muscle damage and inflammatory response [14].
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Based on the observation of the C3 knockout (C3KO) mice, it
has been suggested that calpain 3 is necessary for ubiquitination
and acts upstream of the ubiquitination machinery [15].

Inflammatory cells have been detected in muscle tissue from
patients with mutations in the CAPN3 gene in early stages [16] as
happen in other distrophies. The role of inflammation in many
dystrophies seems to be unexplained, and it has been related to the
presence of signaling factors (cytokines) that withstand inflamma-
tory mechanisms and regulatory phenomena [17-19].

In this study, the RNA expression profiling in muscle from
biopsies of LGMD2A patients and control subjects were compared
in order to determine the potential functions and the pathways in
which calpain 3 is implicated.

Materials and Methods

Muscle samples and RNA processing

Muscle biopsies were taken from 10 LGMD2A patients (3
females and 7 males aged 13-48 years, mean age 29,5 years) and
10 controls (2 females and 8 males aged 22-84 years, mean age
50,2 years). Two out of the 10 LGMD2A patients showed an
inflammatory pattern with eosinophilic infiltrates in their biopsies.

For diagnostic purposes deltoid, quadriceps, and biceps muscle
specimens were collected using institutionally approved protocols
and after obtaining informed consent (Table 1). Muscle tissues
were snap frozen and stored at —80°C. Most of the 7 symptomatic
cases showed similar necrosis and regenerating phenomena (data
not available in one case).

The quality of all RNAs obtained from muscle biopsies
(RNAPIus, QBiogene) was verified using spectrophotometry and
the Bioanalyzer system (Agilent). All of them showed acceptable
quality and integrity (RIN above 7) to be eligible for the experiment.

All RNAs were reverse-transcribed, and biotinylated cRNA
probes were generated by @ wvitro transcription (Ambion, CA,
USA). Fragmented cRNA of each sample was hybridized
individually to human HG-U133A (22.283 probe sets) and HG-
U133B (22.645 probe sets) GeneChips (Affymetrix, Santa Clara,
California) in order to analyze the expression of 44.928 probes,
comprising more than 33.000 genes.

Data analysis

In-depth quality controls were performed to analyze the validity
of the hybridization processes in accordance with four criteria.
First, the correct presence of the signal corresponding to the spike
control BioB. Second, the expression ratio between the 3" and 5’
ends of the housekeeping GAPDH should not exceed a value of
three. Third, the full percentage of presences detected by the
Affymetrix Detection algorithm for each array must be in the
range 40-60. And finally, the percentage of outlier probe sets
detected within each microarray should be less than 5%. All
hybridized arrays on the study met all four quality criteria,
demonstrating the reliability of data generated.

The hybridized arrays were scanned, and raw data were
extracted using the Microarray Analysis Suite 5.0 (MAS5;
Affymetrix). The raw data were normalized using RMA (Robust
Multichip Average) expression summary in Bioconductor [20].
RMA consists of three steps: a background adjustment, quantile
normalization, and finally summarization [21-23].

The sensitivity of microarray-generated data to noise from
experimental variables is well documented [24]. For the analysis,
the average values of each tested group (patients and controls)
were used in order to obtain the most homogeneous results, trying
to avoid variability between individual cases due to different
characteristics (genetic background, sex, age, muscles, mutations,
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etc.). Two statistical methods were applied in order to distinguish
significant and substantial differential expression from noise and
variation due to either genetic heterogeneity or experimental
procedures.

First, in order to identify significantly different genes between
LGMD2A patients and normal controls, a geometric fold-change
analysis was used [24,25]. The threshold was set at a two-fold
change value. Using the criterion of fold-change implies that larger
fold changes are most likely to be real and no hypothesis is
assumed. Principal component analysis (PCA) was performed after
array normalization. PCA is a technique that summarizes a large
set of variables in a smaller set that retains the essential variance of
the original data set [26]. PCA derives an equivalent, uncorrelated
set of new variables from the original set of correlated variables
according to their contribution to a ranked set of principal
components [27].

Second, Class Comparison Difference Analyses were performed
using BRB-ArrayTools developed by Dr. Richard Simon and
BRB-ArrayTools Development Team. In order to identify probe
sets with significant intensity differences between disease classes, a
two-sample univariate t-test was applied to the unaffected control
data set vs. the LGMD2A data set. The use of p-values implies
hypothesis testing. It is assumed in the null hypothesis that there is
no fold change and then evidence was looked for to reject it using a
type-1 error. The threshold was set at p 0.001.

To minimize false positives, only the probe sets commonly
yielded by both methodologies were included into the final list of
genes differentially expressed in LGMD2A.

Moreover, as an additional supporting process, two machine
learning feature selection techniques were run. Symmetrical
uncertainty ranking [28] was first applied as an univariate
criterion to measure the worth of each probe set alone: this
computes the mutual information with respect to the class
phenotype and compensates for the bias of the information gain.
Correlation-based Feature Subset (CFS) selection [29], a multi-
variate feature selection that evaluates the merit of a probe set
subset by measuring the individual predictive power of each probe
set along with the redundancy within that subset, was then used.
CFS outputs a subset of features instead of individual relevances.

The same procedure was used to compare samples from
patients who were asymptomatic but had eosinophilic infiltrates in
their muscle biopsies (2 cases) and samples from healthy controls
(10 cases).

Microarray data have been submitted to the GEO (Gene
Expression Omnibus) public database (accession GSE11681).

Quantitative Real-Time PCR

To investigate the validity of array data, expression levels of the
differentially expressed genes were measured using the TagMan
quantitative RT-PCR assay. Relative expression levels initially
determined with the ¢cDNA microarrays were correlated to the
expression levels assessed using quantitative RT-PCR for each
patient sample.

Whereas microarrays identify target genes of interest among
thousands of genes, truly quantitative information relies on
quantitative RT-PCR. Some of the significantly regulated changes
found on the microarray could be replicated by quantitative R'T-
PCR. Quantitative RT-PCR was performed using the 7900 HT
Fast Real-Time PCR System (Applied Biosystems). Because of the
limiting RNA amount isolated from muscle biopsies used for
microarray analysis, only a few samples (6 cases) were used for
confirmation with quantitative RT-PCR experiments.

The TagMan Low Density Arrays (TLDA) were purchased
from Applied Biosystems, and the protocol recommended by the
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manufacturer was used. Customer-designed TLDAs were used in
order to test a series of 63 genes. In order to select these genes,
genes with unknown function, hypothetical proteins, and open
reading frame regions were excluded. Gene families were
represented including only some of the members, such as
collagens, etc. Moreover, genes showing differential expression
profiling in the comparison between patients with eosinophilic
infiltrates and healthy controls were included in the TLDA, as well
as genes with expression variation in other studies.

Expression levels for all transcripts were determined relative to
the internal housekeeping control gene GAPDH in the TLDAs
which, as expected, did not demonstrate altered expression
according to microarray analysis.

In order to identify probe sets with significant intensity
differences, the method applied to the unaffected control data
set vs. the LGMD2A data set was Benjamini-Hochberg method
using Stat Miner program (Integromics).

Results

After having adjusted the background, normalized and
summarized the data, the fold change obtained generates a list
by magnitude of response. As a result of this method, the fold
change analysis identified 156 differentially expressed probe sets in
LGMD2A skeletal muscle compared to control skeletal muscle. Of
these, 92 were significantly overexpressed and 64 showed a
reduced expression in LGMD2A patients compared to the
unaffected controls.

PCA grouped together on the one hand patient samples and on
the other hand control samples and a greater variability was seen
among controls due to the heterogeneity of this group (Figure 1).

On the other hand, the additional statistical method used to
analyze the data, the Class Comparison Differences method,
applied a two-sample univariate #test to the unaffected control
data set vs. the LGMD2A data set. This method identified 627
probe sets with a p value higher than 0.001.

PCA plot component 1 vs component 2

Expression Profiling in LGMD2A

However, the final list of genes comprised 86 probe sets (74
genes) commonly yielded by the two methodologies which were
differentially expressed in LGMD2A compared to unaffected
muscle biopsies. Of these 74 genes, 53 were overexpressed and 21
had a reduced expression in the LGMD2A patients and all the
genes were clustered into functional groups (Table 2). Transcripts
were classified according to different biological processes, as
obtained from LocusLink (www.ncbinlm.nih.gov/LocusLink/):
extracellular matrix proteins/phosphate transport, cell adhesion,
muscle development, transcription factors, signaling pathways,
metabolic process, transport, ubiquitin cycle, and other functions.

The additional supporting process, the Correlation-based
Feature Subset selection (CFS) [29] highlighted a set of 21 genes.
Of these 21 genes, 7 corresponded to the previously determined
group of 74 genes. In turn, Symmetrical Uncertainty Ranking
returned correlation coefficients higher than 0.5 for 24 genes
within the list. Note that the highest correlation was 0.816 when
the coefficient was constrained between 1 (maximum) and 0
(minimum). The average coeflicient for the whole gene list was
0.36, with a standard deviation of 0.177.

Overview of expression profiling in LGMD2A muscles

Some transcript classes were of particular interest in this analysis
(Table 2). Most genes found to be dysregulated in LGMD2A were
genes grouped in the transcription factor category, and some of
them showed the lowest fold-change values obtained in the study
(FOS, EGRI1). By contrast, genes showing the highest fold-change
values included extracellular matrix proteins, genes involved in
muscle development, and three additional genes with different
functions (FRZB, TFRC, and CAPNG6).

As a whole, in most of the biologically classified processes, the
same trend to up- or downregulation was seen for all genes
involved in the same process. Genes associated with extracellular
matrix (collagen types I, III, V, and XV, and SPARC), cell
adhesion, muscle development (MYH3, MYL5 and I'TGB1BP2),
signaling pathways, and ubiquitin cycle predominated among

PCA plot component 2 vs component 3
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Figure 1. Principal component analysis (PCA) of HG-133A microarrays (A) and of HG-133B microarrays (B) after normalization. P: LGMD2A Patients.
C: Healthy controls. Muscle specimens obtained from individuals of the same status showed the greatest similarities

Figure 1. Principal component analysis (PCA) of HG-U133A microarrays (A) and of HG-U133B microarrays (B) after normalization. P:
LGMD2A Patients. C: Healthy controls. Muscle specimens obtained from individuals of the same status showed the greatest similarities.

doi:10.1371/journal.pone.0003750.g001
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upregulated genes. However, all genes involved in metabolic
processes and transcription factors (except for the E2F8 gene) were
downregulated (Table 2).

On the other hand, upregulation of IGF1, which is a regulator
of somatic growth and cell proliferation, was seen in this study.
IGFa is an inducer of different pathways such as the phosphati-
dylinositol 3-kinase survival (through activation of AKT1, AKT?2),
the calcineurin.mediated signaling pathways, and of GATA2
activation.

HERC1 and ANAPCI are genes implicated in the ubiquitin
cycle and showed upregulation in LGMD2A muscle samples.
HERCI, ubiquitously expressed, is located in the cytosol in the
Golgi apparatus, stimulating guanine nucleotide, forming a
cytosolic ternary complex with clathrin and Hsp70, and is
involved in protein trafficking. ANAPCI1 is a component of the
anaphase promoting complex/cyclosome (APC/C), a cell cycle-
regulated E3 ubiquitin ligase that controls progression through
mitosis and the G1 phase of the cell cycle.

There are two deregulated genes according to our results whose
cell location is the mitochondrion matrix, one of which is involved
in the metabolic process, ALDH?2 (aldehyde dehydrogenase 2
family) (downregulated), while the other, the PPM2C gene (protein
phosphatase 2C, magnesium-dependent, catalytic subunit) (upre-
gulated) is implicated in protein amino acid dephosphorylation.

Expression changes in common with other muscular
dystrophies

Twenty four out of the 74 deregulated genes with altered
expression in LGMD2A were also deregulated in other muscular
dystrophies (DMD, a-SGD, FSHD, dysterlinopathies, Fukuyama-
type congenital muscular dystrophy, and laminin-a2 deficient
congenital muscular dystrophy) [24,30-35] (Table 2).

LGMD2A and eosinophil infiltration

A comparison was made between biopsies of control muscles (10
cases) and biopsies from two cases showing eosinophil infiltrates.
Results of this comparison are summarized in Table 3.

Genes involved in immune response such as I1L-32, IGHGI,
and IGKC were upregulated, as well as CAPNG6, while those
mvolved in chemotaxis or regulation of the protein kinase B
signaling cascade were downregulated in asymptomatic cases
comparing with controls.

Validation of microarray data by quantitative RT-PCR

The main correlation between the two assays is showed in Figure 2.
Real-time PCR was not only used to confirm the abnormal gene
expression profiles detected by microarray analysis, but also to better
define fold-change variations using a more sensitive approach. This
approach showed mean fold changes in expression levels directionally
similar to those determined by microarray analysis. Overall, fold
change was lower when the microarray approach was used compared
to real-time PCR (Table 2).

Discussion

The main correlation between the two assays, microarrays and
quantitative RT-PCR, was high for all genes, indicating a good
agreement between both assays for identification of deregulated
genes.

On the other hand, by means of the additional supporting
process, a high correlation degree among results was shown and it
provided more reliability to the final list of genes. Therefore,
results of the two machine learning approaches support the degree
of relevance of the 74 genes identified.

@ PLoS ONE | www.plosone.org
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Calpain 3 was not abnormally regulated in the microarray study
(data not shown). While protein analysis usually shows an absence of
protein in patients, the microarray data did not reveal a reduction of
calpain 3 mRNA indicating that this primary genetic defect cannot
be identified by expression profiling. It is worthwhile mentioning
that the presence of different missense mutations in most of the
patients may explain this observation as well as the variability found
in the Western Blot including normal patterns [36].

In LGMD2A muscles, genes associated with ECM/membrane-
related, cell adhesion genes, muscle development genes, signaling
pathway genes, and ubiquitin cycle genes were upregulated

(Table 2).

Extracellular matrix

The general trend for structural genes to be expressed at higher
levels in patients could reflect a general upregulation of structural
genes in the mutant muscle, as previously reported for other types
of muscular dystrophies [37].

It is interesting to note that a large proportion of genes
associated to the extracellular matrix were probably upregulated
as a result of fibrotic infiltration. These genes include extracellular
matrix proteins such as collagen types I and III (the two major
collagens in the ECM), cell adhesion proteins such as CD9, CD44,
and fibronectin.

SPARC, overexpressed in the fibroblasts of skin biopsy
specimens obtained from patients with systemic sclerosis [38],
could be the factor involved in the interstitial fibrosis seen in
muscles of LGMD2A patients. It is a matricellular glycoprotein
that may modulate cell interaction within the ECM by binding to
both ECM structural components and growth factors.

Muscle development

Our results showed that MYH3 (myosin, heavy chain 3, skeletal
muscle, embryonic) is highly upregulated in samples from
LGMD2A patients. Expression of embryonic myosin heavy chain
is a hallmark of muscle regeneration after birth and a characteristic
marker of human muscular dystrophies. During normal human
development, expression is restricted to the embryonic period of
development [39]. This could indicate a failed muscular regener-
ation attempt to compensate a downstream injury.

Another upregulated gene is myosin light chain 1 slow A
(MLCI1SA), a transcriptional regulator promoting muscle cell
proliferation expressed in both slow-twitch skeletal muscle and
non-muscle tissue. This gene showed a high individual correlation
with class phenotype (0.442), and was one of the seven genes
included in the CFS output. This fact flawlessly demonstrates its
importance not only from an individual point of view, but also
because of its potential interactions. MLCISA is one of the two
phosphorylable regulatory light chains forming the myosin
complex. Cohen et al [40] found that MLC1SB (Accession N°
P09542 in mice) was a substrate for calpain 3. To date, no
contractile proteins have been identified as i vivo substrates for
CAPNS3. Identification of MLC1 as a potential substrate for
CAPN3 was of interest because, in a previous study, Kramerova et
al [15] demonstrated that CAPN3 regulates sarcomere remodeling
by acting upstream of the ubiquitin—proteasome system.

LGMD2A patients showed upregulation of the IGF-1 gene as
previously observed in other muscular dystrophies. Normal
skeletal muscle is able to efficiently repair itself in response to
injury. IGF-1 has been implicated as a factor that may affect many
steps In gene expression control, including cell proliferation,
differentiation, and degradation processes. IGF-1 is a peptide that
has been shown to have anabolic effects on muscle cells. This
action can be explained based on the molecular signaling events

November 2008 | Volume 3 | Issue 11 | e3750
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Figure 2. Comparison between expression data obtained from microarray expenments and data obtained
from quantitative RT-FCR

Figure 2. Comparison between expression data obtained from
microarray experiments and data obtained from quantitative
RT-PCR.

doi:10.1371/journal.pone.0003750.9g002

initiated by its receptor, a tyrosine kinase activated on IGF-1
binding, and transmitted through a cascade of intracellular events,
leading to a general increase in protein synthesis [41,42].
Integrin Bl binding protein (ITGBIBP2 =melusin), also
upregulated in LGMD2A muscles, is present in a costamere-like
pattern consisting of two rows flanking a-actinin at Z line. Melusin
expression is upregulated during i wiro differentiation of the
C2C12 murine myogenic cell line, and is regulated during  viwo
skeletal muscle development [43]. Upregulation of the melusin
gene may alter a process that is tightly controlled in muscle
development, leading to inadequate muscle differentiation and
maturation. The generalized inhibition of terminal stages of
myogenic differentiation in C3KO myotubes affects at least two
events: sarcomere formation and integrin isoform replacement
[44]. During myogenesis, two isoforms of Pl integrin are
expressed: B1A is expressed in myoblasts and is downregulated
during myogenesis, while 1D appears after fusion and eventually
displaces BIA in mature myotubes [45]. Neither 1A nor BI1D
were cleaved by CAPN3, suggesting that changes in the level of
integrin isoforms are not a direct result of calpain 3 absence [44].

Ubiquitin cycle and protein degradation

It is still unclear whether CAPN3 directly cleaves proteins to
make them available for ubiquitination or whether the effect of
CAPN3 is indirect (i.e. through regulation of other proteins
involved in ubiquitination) [15]. In LGMD2A muscle samples, the
HERC1 and ANAPC1 genes involved in the ubiquitin cycle are
upregulated, suggesting that their regulation may be under the
control of calpain 3.

Moreover, Ono et al [46] found proteolysis of proteasome
regulatory subunit RPS6A by calpain 3, which may indicate that the
ubiquitin-proteasome system is subject to regulation by calpain.

As ubiquitination tags proteins for degradation, decreased
ubiquitination may lead to excessive accumulation of the proteins
that should otherwise be degraded. This in turn could trigger a cell
stress response, one manifestation of which is upregulation of heat
shock proteins [15]. According to the reported data, the DnaJ

@ PLoS ONE | www.plosone.org
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(Hsp40) homolog, subfamily A member 4 (DNAJA4), that showed
upregulation, may regulate the chaperone function of Hsp70
proteins [47].

Signaling pathways

The protein coded by HERCI1, upregulated in LGMD2A
patients, has a C-terminal HECT (homologous to E6-AP C-
terminus) domain, which suggests that it has an ubiquitin ligase
activity.

[-catenin plays a critical role in many cellular and morphogenic
processes by performing two distinct functions: in the nucleus, it
acts as a mandatory coactivator of TCF/LEF transcription factors
in response to Wnt signaling during both embryonic development
and adult muscle regeneration, while at the cell membrane, B-
catenin associates with the cadherin complex that links adhesion
molecules to the cytoskeleton. In both cases, the concentration of
B-catenin has been shown to be tightly regulated through
ubiquitin-mediated degradation [44].

Two distinct ubiquitin ligase complexes control B-catenin levels
in cytoplasm and at the membrane [48]. Ubiquitination and
degradation of the cytosolic pool of B-catenin are under the
control of Wnt signaling. Degradation of the membrane pool of -
catenin in skeletal muscle is mediated by the Ozz-E3 ubiquitin
ligase complex [49]. Thus, it may be suggested that membrane -
catenin is indirectly regulated by CAPN3. It should also be noted
that Trim32, found mutated in limb-girdle muscular dystrophy
type 2H, is another putative E3-ubiquitin-ligase [50].

On the other hand, frizzled-related protein (FRZB) is
upregulated in LGMD2A muscle samples. It could therefore be
hypothesized that B-catenin regulation is also altered at the Wnt
signaling pathway, leading to an abnormal myotube fusion or
incorrect myogenesis.

Deregulation of mitochondrial genes

In our results, the mitochondrial genes found to be deregulated
were ALDH2 and PPM2C. ALDH2 was downregulated in patient
samples and is implicated in the glycolysis/gluconeogenesis
pathway. On the contrary, expression of the PPM2C mitochon-
drial gene was upregulated in our study. Protein phosphatase 1J
(PPM1]J_mouse, PP2C family) was found to be an i vivo substrate
for calpain 3 [40].

In later stages of the disease, the muscle pathology is
characterized mainly by the presence of lobulated fibers (LF),
which are composed of misaligned myofibrils that form a lobular
pattern, in addition to fiber size variation and interstitial fibrosis.
Lobulated muscle fibers reflect an abnormal spatial distribution of
the intermyofibrillar mitochondria network [51]. In C3KO mice,
abnormal A-bands were seen, suggesting a role for calpain 3 in
correct formation of sarcomeres or maintenance of sarcomere
alignment [14].

mRNA expression profiles were specifically altered in LGMD2A
muscles with lobulated fibers Keira et al [52]. Genes encoding for
extracellular matrix (ECM)/membrane-related, cytoskeletal, or
sarcomeric proteins were also upregulated in LF muscles.

According to these results, identification of these mitochondrial
proteins suggests that CAPN3 may be involved in mitochondrial
protein turnover.

Common genes with altered expression in different
muscular dystrophies

According to Table 2, LGMD2A can be characterized as an
active fibrotic disease with suppressed muscle regeneration, since
LGMD2A cases share upregulation of the extracellular matrix
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(ECM) components with congenital muscular dystrophy cases and
share downregulation of the transcription factors with Duchenne
muscular dystrophies.

In muscles from patients with Duchenne muscular dystrophy,
upregulated genes were mostly those related to immune response,
sarcomeric, ECM, and cell growth, whereas downregulated genes
were associated to energy metabolism, transcription/translation,
signaling, and proteasomes [32].

c-fos and c-jun proteins have been described as showing strong
cytoplasmic expression related to the degeneration process
occurring in Duchenne and Becker muscular dystrophies [53].
However our results contradict the previously published results
and they showed a strong downregulation of c-fos and c-jun in our
samples.

Recently Gan et al [54] reported that Dishevelled (Dvl) and c-
Jun form a complex with B-catenin-T-cell factor 4 (TCF-4) on the
promoter of Wnt target genes and regulate gene transcription. c-
Jun mediates Dvl association with the functional TCF-B-catenin
complex and functions as a key component of Wnt signaling i vivo.
Since genes coding for proteins in this pathway are dysregulated in
LGMD2A patients, it may be suggested that the downregulation
of c-jun and other transcription factors observed in LGMD2A
patients are regulated in an indirect way by calpain 3.

TFRC (transferrin receptor) and VLDLR (very low density
lipoprotein receptor) are upregulated in LGMD2A patients as
occurred in FSHD muscles [33]. Transferrin is a key myoblast
trophic factor, initially promoting myoblast proliferation and
subsequently supporting myogenic differentiation. However,
TXNIP (thioredoxin-interacting protein) is downregulated in
LGMD2A muscles and was also downregulated in FSHD samples
[33]. Since TXNIP acts as an oxidative stress mediator, this
finding is consistent with the enhanced vulnerability to oxidative
stress seen in LGMD2A, as observed in FSHD myoblasts [33].
Many of the genes deregulated in facioscapulohumeral muscular
dystrophy (FSHD) are involved in myogenesis, cell differentiation,
and cell-cycle control.

According to the available information, it could be suggested
that FSHD shared the greatest quantity of differentially expressed
genes and the deregulation tendencies (up/downregulation) are
the same and in a similar range of variation. However it would be
difficult to establish any correlation given that in the FSHD, even
in patients with the same deletion fragment, high variability of
impairment and of muscle affectation grade is observed.
Therefore, the data depend enormously on the place and on the
moment that biopsy has been taken.

S100A6 (calcyclin) and SI00A8 (calgranulin A), dysregulated in
LGMD2A muscles, are involved in various intracellular and
extracellular regulatory activities [55]. Upregulation of S100A6
expression was seen also in LGMD2B and as in other muscular
dystrophies, the structural defect causes a general membrane
instability that leads to an altered uptake of calcium ions into the
muscle fibers [31]. Since calpain 3 interacts with dysferlin and
AHNAK, a role of calpain 3 in membrane homeostasis has been
suggested [8,9]. The increased Ca2+ concentration probably
influences expression of various signaling molecules whose
transcription is sensitive to calcium concentration.

Dysferlin was not abnormally regulated in LGMD2A patients in
the microarray study. The value obtained for the expression of the
DYSF gene did not fulfil the established criteria to be considered
as differently expressed (data not shown).

In this study mRINA levels are analysed, not protein quantities.
Even if the protein is reduced in the Western Blot, this reduction
may not be regulated at a transcriptional level, it may happen at a
post-translation level. Since calpain 3 was shown to be in complex
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with dysferlin and it has been demonstrated that AHNAK, a novel
component of the dysferlin protein complex, serves as a direct
substrate of calpain 3 in cell culture, the lack of one of these
proteins may justify the reduction of the other.

As described in previous works [31] while western blotting tests
showed a reduction or the absence of dysferlin protein in most
LGMD2B patients, the microarray data showed a reduction of
dysferlin mRNA for some of the patients analysed. This could be
due to the different types of mutations of the gene that affects the
translation efficiency of the mRINA or the stability of the protein.
Additionally, while protein analysis usually shows an absence of
protein in the C57BL/10.SJL-Dysf mice, the microarray data did
not reveal a reduction of dysferlin mRNA indicating that this
primary genetic defect cannot be identified by expression profiling
[37]. Moreover, it has been observed that neither calpain-3 nor
caveolin was consistently reduced in dysferlinopathies.

The vast majority of upregulated genes in Fukuyama-type
congenital muscular dystrophy (FCMD) and laminin-a2 deficient
congenital muscular dystrophy (MDCI1A) encode extracellular
matrix components, presumably related to fibrotic change.
However, mature muscle components were extremely downreg-
ulated in congenital muscular dystrophies [34].

Muscle regeneration is also a process that depends on the
skeletal muscle basement membrane. Basement membrane is
thought to not only maintain cell integrity but also to mediate
signal transmission in cell differentiation, growth, attachment,
survival, polarity, proliferation, and apoptosis [56,57]. It is
hypothesized that upregulation of ECM genes might arise from
signal transduction defects due to basement membrane dysfunc-
tion. It is possible that muscle fibers keep high transcription levels
of ECM to create basement membrane components [34].

Costameric proteins can interact with many components of both
the sarcolemma and cytoskeleton. Different publications support a
role for the costamere/Z-disk axis in mechanotransduction, the
dynamic process through which mechanical stimuli are sensed by
muscle cells and converted into biochemical responses [57].

Based on our results and since collagens, melusin and
fibronectin, were deregulated, we may hypothesize that upregula-
tion of ECM genes found in LGMD2A patients may result from
signal transduction defects due to basement membrane dysfunc-
tion. Calpain 3 recognizes a wide range of substrates, including
cytoskeletal proteins and myofibrillar proteins [40,46]. These
cytoskeletal proteins and matrix proteins contribute to cell shape,
mechanical resistance, and morphological integrity of muscle cells,
and are part of a complex network of filaments and tubules that
transmit mechanical and chemical stimuli between cells. The
cytoskeleton is not only involved in cell stability and integrity, but
also plays a significant role in signal transmission from the cell
membrane to the nucleus.

LGMD2A and eosinophilic infiltrations

Presence of eosinophilic cells has recently been detected in muscle
tissue from patients with mutations in the CAPN3 gene [16].

In our study, IL-32 was upregulated in LGMD2A patients with
cosinophilic infiltrates (Table 3). Although IL-32 does not share
sequence homology with known cytokine families, IL.-32 induces
various cytokines, human TNFa, and IL-8 in THP-1 monocytic
cells. IL-32 activates typical cytokine signal pathways of nuclear
factor-kappa B (NF-xB) and p38 mitogen-activated protein kinase
[58]. The neutrophil-derived proteinase 3 (PR3) was identified as a
putative IL-32 receptor [59], supporting the possibility that 1L-32
upregulation in muscle may be chemoattractant for eosinophilic
cells.
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Eosinophilia has also been reported as a prominent feature of
the necrotic phase in dystrophin-deficient mdx mice. This study
suggested that eosinophilia was promoted by at least perforin-
dependent cytotoxicity of effector T cells and T-cell production of
interleukin-5 (IL-5) [60]. However these authors concluded that
some eosinophilia of mdx muscle is independent from perforin-
mediated processes and that it may be suggested that a similar
mechanism of calpain 3 could act in this process.

Inflammatory features may be seen in
dystrophies, such as facioscapulohumeral muscular dystrophy
[17] and dysferlinopathies [19]. Moreover, a Becker muscular
dystrophy presenting eosinophilic inflammatory myopathy was
described by Weinstock et al [18].

Although the comparison between gene expression profiles
between LGMD2A with and without eosinophilia would be
interesting, it was not possible to perform. The methods used needed
a higher quantity of samples to obtain significant results. Moreover,
when a PCA plot was performed for LGMD2A patients only
(including cases with and without eosinophilia), no different groups
were created and this may be due to the low sample number too.

It seems that the comparison between asymptomatic patients
with eosinophilia with control samples is more indicated to shed
some light onto the initial mechanism that triggers the eosinophilic
cell attraction to muscle. The comparison between asymptomatic
patients and controls allows a clearer view due to a lower
interfering expression variation.

In a first approach asymptomatic cases were considered as
affected and were included into the patient group in the general
analysis. These cases were included in the affected group due to
their abnormal muscle biopsy pattern. Additionally reinforcing this
decision, the PCA plots clustered together the LGMD2A case with
or without eosinophilia.

Finally in an additional analysis, however, it was decided to
consider them as a different group compared to the controls in
order to obtain information about eosinofilic attraction in the early
stage of the disease.

some muscular

Conclusions

In conclusion, upregulated genes were mostly those related to
extracellular matrix, cell adhesion, sarcomeric proteins, and signal
transduction. It is therefore suggested that different proteins
located at or participating in the costameric region are involved in
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Introduction—Apolipoprotein (apo) A-II is the second most abundant high-density lipoprotein (HDL) apolipoprotein. We
assessed the mechanism involved in the altered postprandial triglyceride-rich lipoprotein metabolism of female human
apoA-Il-transgenic mice (hapoA-II-Tg mice), which results in up to an 11-fold increase in plasma triglyceride
concentration. The relationships between apoA-II, HDL composition, and lipoprotein lipase (LPL) activity were also

analyzed in a group of normolipidemic women.

Methods and Results— Triglyceride-rich lipoprotein catabolism was decreased in hapoA-II-Tg mice compared to control
mice. This suggests that hapoA-II, which was mainly associated with HDL during fasting and postprandially, impairs
triglyceride-rich lipoprotein lipolysis. HDL isolated from hapoA-II-Tg mice impaired bovine LPL activity. Two-
dimensional gel electrophoresis, mass spectrometry, and immunonephelometry identified a marked deficiency in the
HDL content of apoA-I, apoC-III, and apoE in these mice. In normolipidemic women, apoA-II concentration was
directly correlated with plasma triglyceride and inversely correlated with the HDL-apoC-II+apoE/apoC-III ratio.
HDL-mediated induction of LPL activity was inversely correlated with apoA-II and directly correlated with the
HDL-apoC-II+apoE/apoC-1III ratio. Purified hapoA-II displaced apoC-II, apoC-III, and apoE from human HDL2.
Human HDL3 was, compared to HDL2, enriched in apoA-II but poorer in apoC-II, apoC-III, and apoE.

Conclusion—ApoA-II plays a crucial role in triglyceride catabolism by regulating LPL activity, at least in part, through
HDL proteome modulation. (Arterioscler Thromb Vasc Biol. 2010;30:232-238.)

Key Words: VLDL m chylomicron m transgenic mice m lipolysis m proteomics

polipoprotein (apo) A-II is the second most abundant

protein, comprising ~20% of high-density lipoprotein
(HDL) total protein mass; however, its function remains
unclear.'-* Evidence for a role of apoA-II in triglyceride (TG)
and free fatty acid (FFA) metabolism was provided by reports
that showed a positive correlation between apoA-II synthesis
and very-low-density lipoprotein apoB in humans, and that
showed the APOA-II locus was linked to a locus controlling
plasma levels of apoA-II and FFA in mice and humans.!
More recently, several clinical studies reported an association
between the —265T>C allele affecting the D element of the
apoA-II promoter, altered plasma apoA-II concentration, and
postprandial metabolism of large triglyceride-rich lipopro-
teins (TRL).5-7 Further evidence for a role of apoA-II in TG
metabolism in humans has been provided by studies of

controls and cases with coronary artery disease, and in
families with familial combined hyperlipidemia.®° Both stud-
ies showed a direct association between apoA-II and plasma
TG levels. However, the mechanism whereby apoA-II affects
TG metabolism in humans is largely unknown.

A direct effect of apoA-II on TG and FFA metabolism is
also supported by studies conducted in genetically modified
mice. Mice overexpressing mouse and human apoA-II
(hapoA-II) exhibit marked hypertriglyceridemia and in-
creased FFA..10.11 Knocking out of apoA-II in mice de-
creased plasma TRL concentration and increased remnant
catabolism.'? However, whether apoA-II variability causes
increased TRL synthesis, decreases TRL catabolism, or both,
remains controversial.'-* Our hapoA-II transgenic mice
(hapoA-II-Tg mice) fed an atherogenic, cholate-containing
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Figure 1. Oral fat gavage (OFG) assays in
transgenic (Tg) and knockout (KO) mice.
T A, TG was measured before and after a
single bolus of 150 uL of olive oil in
female hapoA-II-Tg and control mice. In
separate experiments, radiolabeled TG
P were, respectively, measured in plasma

(B) and in target tissues (C) after a single
bolus of 150 uL of radiolabeled olive oil-
based emulsion (20 uCi per mouse) at the
times indicated. D, TG were also mea-
sured before and after a single bolus of
150 pL of olive oil in female apoA-I KO
and apoA-Il KO mice. Results are
expressed as mean=SEM of individual
animals (n=5 mice at each time point).
*P<0.05 compared with the control.
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diet or cross-bred with apoE knockout (KO) mice presented
higher very-low-density lipoprotein production and normal
very-low-density lipoprotein TG catabolism and postheparin
lipolytic activities when analyzed in fasting conditions.! In
contrast, an independently generated line of hapoA-II-Tg
mice exhibited marked postprandial hypertriglyceridemia,
which was associated with an increase in plasma hapoA-II
compared to fasted mice, and impaired lipolysis of TRL
enriched with hapoA-II.10-13

To gain more insight into the role of human apoA-II in TG
metabolism, we conducted a detailed study of TRL and HDL
in our hapoA-II Tg mice and in a group of normolipidemic
women. Our data show that accumulation of hapoA-II in-
creases plasma TG through an impaired HDL induction of
lipoprotein lipase (LPL) activity that depends, at least in part,
on changes induced in the protein composition of discrete
HDL subfractions.

Materials and Methods

The hapoA-II-Tg mice were developed as previously described.!*
Twenty-three healthy women were enrolled in the study, which was
approved by the Ethics Committee for Clinical Investigation of the
Hospital de la Santa Creu i Sant Pau. For further experimental
details, see the online data supplement at http://atvb.ahajournals.org.

Results

Mouse Plasma Lipid and Lipoprotein Profile and
Functional Distribution of TG After Oral

Fat Gavage

The hapoA-II-Tg mice used in this study displayed 2.5-fold
higher hapoA-II plasma levels than those of normolipidemic
humans.! No differences were found in food consumption
among mice of different genotypes (4.1%0.3 in control mice vs
3.9%+0.3 grams/day in hapoA-II-Tg). Plasma TG levels in
female hapoA-II-Tg mice were maximal between 2 hours and 3
hours after the oral fat gavage (OFG), and at that time were
11-fold higher than those in control mice (Figure 1A). Plasma

3
Time (h)

4 5 6

TG in male hapoA-II-Tg mice were 7.5—fold higher 3 hours after
the OFG (5.9£1.0 vs 0.8£0.1 mmol/L in controls). Because
females were more prone to hypertriglyceridemia, we conducted
a series of experiments in our female hapoA-II-Tg mice. Radio-
labeled TG mixed with olive oil was individually gavaged, and
the radiolabeled TG was determined in plasma and target tissues
at the times indicated (Figure 1B, C). Plasma levels of radiola-
beled TG in hapoA-II-Tg mice were significantly higher than
those of control mice after 3 hours of OFG administration
(Figure 1 B). At that time, a very high percentage (>99%) of
radioactivity present in the lipoprotein-depleted fraction was
mainly attributable to FFA, and these were found to be signifi-
cantly decreased in hapoA-II-Tg mice (1.5%) compared to
control mice (8.9%). The hapoA-II-Tg mice showed decreased
radiolabeled TG in parametrial White Adipose Tissue (pWAT)
6 hours after OFG (Figure 1C).

Because hypertriglyceridemia is common in patients with
inherited HDL deficiency, and because hapoA-II is known to
displace mouse apoA-I from the HDL surface,! we deter-
mined postprandial plasma TG profiles after an OFG in
female apoA-I KO and apoA-II KO mice (Figure 1D).
Although potential changes in postprandial TG could be
observed and were consistent with previous studies,'>!5 the
area under the curve of TG after the OFG in apoA-I KO and
apoA-II KO mice did not significantly differ from that of
control mice (Figure 1D). This may be because of the limited
number of animals studied. However, overall, these results
suggested that the increased postprandial TG in hapoA-II-Tg
mice was not attributable to their decreased HDL.

Postprandial plasma hapoA-II concentration in the hapoA-
II-Tg mice used in the present study (82.6*=5.3 mg/dL) did not
differ significantly from that found in fasting plasma (75.0+4.2
mg/dL). Fast protein liquid chromatography (FPLC) analyses of
postprandial plasma revealed a dramatic increase in TG and
cholesterol amount and size of the TRL particles of hapoA-1I-Tg
mice compared with those of control mice (Figure 2A, B,
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respectively). Decreased HDL cholesterol in hapoA-II-Tg mice
was not more pronounced postprandially than in fasting condi-
tions (Figure 2B). The hapoA-II was mainly found in the HDL
fraction (77.8£5.51 mg/dL), but small amounts could be de-
tected in chylomicrons (3.1+0.5 mg/dL; Figure 2C, D). Sixty-
eight percent of plasma TG in hapoA-II-Tg mice floated as
chylomicrons (Figure 2D). The TG-to-protein ratio confirmed
that postprandial plasma transgenic TRL were significantly
larger than those of control TRL (online Figure I).

Effect of hapoA-II Expression on TRL Plasma
Turnover in Mice

In vivo analyses were performed to evaluate the causes of
postprandial hypertriglyceridemia in hapoA-II-Tg mice. Data
indicated that TG intestinal and liver secretion in hapoA-
II-Tg mice did not significantly differ from those of control
mice (Figure 3A, B). In vivo catabolic studies with autolo-
gous [*H]-TG-TRL showed that the fractional catabolic rate
of hapoA-TI-Tg-mice [*H]-TG-TRL was significantly re-
duced in plasma of hapoA-II-Tg mice compared to that of
control mice under postprandial conditions (Figure 3C, D). In
contrast, [’H]-TG-TRL fractional catabolic rate did not sig-
nificantly differ between genotypes under fasting conditions.
Changes in TG clearance in hapoA-II-Tg mice under post-
prandial conditions may reflect the dilution of [*H]-TG-TRL
in an expanded TRL pool. For this reason, we also performed
cross-infusion experiments consisting of the injection of labeled
TRL from transgenic mice into control mice, and labeled TRL
from control into hapoA-II -Tg mice (see the 2 last bars of
Figure 3D). Data indicated that control [’H]-TG-TRL clear-
ance from plasma of hapoA-II-Tg mice was significantly
delayed compared to that in control mice, whereas hapoA-
II-Tg [*H]-TG-TRL were cleared from plasma of control
mice as rapidly as the autologous control [*H]-TG-TRL
(Figure 3D). This could indicate that the plasma content,
rather than TRL origin, was the main determinant of the
changes in TRL catabolism. Although postheparin postpran-

dial or fasting plasma LPL activity toward an artificial
triolein-based substrate in hapoA-II-Tg mice did not differ
from control mice (Figure 3E), coincubation with HDL of
control mice increased bovine LPL activity 60% more than
coincubation with apoA-II-Tg mice HDL (Figure 3F). In
addition, we conducted experiments to test the ability of HDL
from hapoA-II-Tg mice and control mice to modulate in vitro
bovine LPL activity toward TRL (data not shown). Coincu-
bation of TRL with HDL from control mice and hapoA-II-Tg
mice at ratios similar to those found in vivo in each group of
mice (Figures 1 and supplemental Figure I) resulted in 4-fold
more enzymatic activity in the former condition compared
with the latter. To rule out the possibility that the redistribution
of hapoA-II in chylomicrons could affect LPL activity, we
incubated control chylomicrons with free hapoA-II at 37°C for 3
hours. The rate of FFA formation in apoA-II-enriched chylomi-
crons, at a hapoA-II concentration of 3 mg/dL (which represents
~4% of the total concentration of proteins in chylomicrons),
was similar to that of control chylomicrons (13.8%+0.9 vs
11.9%+0.7 nmol of FFA/mL per minute).

Effect of hapoA-II on Plasma and HDL-Associated
Apolipoproteins in Mice

HDL protein composition was studied by 2-dimensional gel
electrophoresis. This analysis showed the existence of 10
significant, differentially expressed spots (Figure 4A) and 2
hapoA-II isoforms in apoA-II-Tg mice HDL. Identification
of these spots was performed by Matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF) mass
spectrometry (Figure 4A, B). Two spots contained a mixture
of paraoxonase 1 and an apoA-I isoform; thus, the respective
contributions to their decreased abundance could not be
determined. To confirm these changes, we measured several
available murine apolipoproteins by immunonephelometry in
plasma and in HDL obtained by ultracentrifugation (Figure
4C, D). This method confirmed that the amount of apoC-III
was almost negligible in hapoA-II-Tg mice HDL, whereas
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plasma apoC-III levels were 3-fold higher in postprandial
conditions, thereby indicating a redistribution of this apoli-
poprotein to TRL (Figure 4C, D). Again, apoA-I was de-
creased in plasma and in HDL in fasting and postprandial

conditions (Figure 4C, D).

HDL added [g/L]

Human Studies

In a group of healthy normolipidemic women (n=23), hapoA-II
concentration was found to be directly correlated with plasma
TG (r=0.72; P<<0.001; Figure 5A). HDL of these women
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Figure 3. Effect of hapoA-Il on in vivo
intestinal and liver TG secretion, autolo-
gous and heterologous TRL catabolism,
and LPL activity. A, In vivo intestinal TG
secretion in overnight fasted hapoA-II-Tg
and control mice given an OFG of
[BH]-TG. B, In vivo liver TG secretion of
mice after intravenous injection of 10 uCi
of [®H]-oleic acid. C, Plasma clearance of
autologous [°*H]-TRL-TG, isolated during
fasting or 3 hours after an OFG and
injected intravenously. D, Plasma [*H]-TG
clearance of (C) displayed as fractional
catabolic rate (first 4 bars). The last 2
bars correspond to heterologous infusions
(performed 3 hours after OFG): [*H]-TG-
labeled TRL of transgenic mice were
injected into control mice and control
[®H]-TG-labeled TRL were injected into
hapoA-Il transgenic mice. E, LPL activity
in postheparin plasma in mice. Each value
represents the mean+=SEM of data from 5
mice. F, Bovine LPL activity against a
tri[9,10(n)-3H] oleate-based emulsion incu-
bated with mouse HDL samples at 37°C
for 60 minutes. The SEM at each point
are indicated unless they fall within the
bar. With the exception of (E), results are
expressed as mean+=SEM of at least 3
independent experiments with pools of 3
to 4 animals. *P<0.05 vs HDL from con-
trol mice.
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Figure 4. Analysis of plasma and HDL-
associated apolipoproteins. A, Representa-
tive 2-dimensional gel containing HDL pro-
teins stained with Flamingo fluorescent gel
stain and identified by MALDI-TOF spec-
trometry. B, The hapoA-II-Tg/control HDL
protein spot volume ratio of HDL proteins
identified by MALDI-TOF spectrometry and
showing statistically significant differences.
H2CHA, H-2 class | histocompatibility anti-
gen. In all cases, HDL proteome was ana-
lyzed from 3 independent HDL pools (of 3
to 4 animals each) obtained 3 hours after
OFG. C, Plasma murine apoB, apoC-ll,
and apoA-| determined by immunoneph-
elometry in hapoA-II-Tg mice and control
mice, both in fasting state and 3 hours after
OFG. Each value represents the mean+SEM
of data from 6 mice. D, HDL-associated
apolipoproteins determined by immunon-
ephelometry. Each value represents the
mean=SEM of data from 4 independent
HDL pools of 3 to 4 animals each. C and D,
Plasma murine apolipoprotein levels are
reported as the mean of percentage change
compared with the results obtained in
fasted control mice. *P<0.05 vs control mice.
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Figure 5. Correlations between hapoA-Il and plasma TG, HDL
apolipoproteins, and HDL-mediated LPL modulation in healthy
fasted women. A, Correlation between hapoA-Il and plasma TG.
B, Correlation between hapoA-Il and HDL-mediated LPL induc-
tion. C, Correlation between hapoA-Il and the HDL-apoC-II+
apoE/apoC-lll ratio. R indicates Pearson coefficient correlation
with the corresponding probability value.

and bovine LPL. ApoA-II was found to be inversely correlated
with HDL-mediated induction of LPL activity (r=-—0.45;
P<0.04; Figure 5B). HDL modulation of LPL activity was
also directly correlated with the HDL-apoC-II+apoE/apoC-
III, HDL-apoC-II/apoC-III, and apoA-V/apoA-I ratios (see
supplemental Table II for detailed correlation coefficients);
however, only the first parameter significantly correlated with
apoA-II (r=—-0.41; P<<0.05; Figure 5C).

Effect of hapoA-II on Human HDL

Apolipoprotein Content

Coincubation of human HDL2 with purified hapoA-II clearly
decreased the intensity of the immunoreactive bands, both in
denaturing and nondenaturing conditions, corresponding to
human apoC-II, apoC-III, and apoE when analyzed by West-
ern blot (Figure 6A). This incubation also generated a novel
peak that contained mainly apoA-II and apoA-I (data not
shown). ApoA-II was preferentially located in HDL3, and
this was concomitant with a strongly decreased content of
apoC-II, apoC-III, and apoE in HDL3 compared to that of
HDL?2 (Figure 6B).
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Figure 6. Effect of hapoA-ll on human HDL apolipoprotein com-
position. A, FPLC profiles of native human HDL2 (apoA-I con-
centration of 30 mg/dL) before and after incubation with 60
mg/dL of purified hapoA-Il. The results of specific immunoblots
of fraction 67 are shown both in denaturing and nondenaturing
conditions. B, Relative apolipoprotein concentration of HDL2
and HDL3 isolated by ultracentrifugation of 7 pools of normolipi-
demic plasma. Indicated apolipoproteins were determined by
immunonephelometry.

Discussion
Evidence favoring a role for apoA-II in TG metabolism stems
from experiments in mice!-+!%!!" and, also, human stud-
ies.1-5>-2 However, the precise mechanism by which hapoA-II
influences TG metabolism remains unclear. In the current
study, we show that overexpression of human apoA-II in
transgenic mice increased postprandial plasma TG concen-
tration. A similar degree of postprandial hypertriglyceridemia
was also found in the double hapoA-IIxCETP-Tg mice
having a hapoA-II plasma concentration of 42 mg/dL,'®
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thereby indicating that the effect of hapoA-II on TG metab-
olism also occurs at more physiologically significant levels.
Because liver and intestinal TG secretion was comparable
between hapoA-II-Tg mice and control mice, we focused our
study on postprandial TRL catabolism. Our data clearly show
that the hypertriglyceridemia of hapoA-II-Tg mice was pri-
marily caused by a decrease in TRL clearance. An important
question is whether postprandial plasma TG accumulation
resulted from the association of hapoA-II with TRL. In a
previous report using independently generated hapoA-II-Tg
mice,!3 severe postprandial hypertriglyceridemia was associ-
ated with a marked increase in plasma hapoA-II concentra-
tion in TRL particles, which were found to be poor LPL
substrates.'? In contrast, plasma hapoA-II of our hapoA-II-Tg
mice was mainly found associated with HDL during the
postprandial state, and we found no nearly complete depletion
of the HDL fraction nor a fed-to-fasted switch in hapoA-II
concentration. It is possible that the different hapoA-II
gene constructions used to generate these 2 hapoA-II-Tg
mice'-!3 could explain their differences in hapoA-II plasma
concentration regulation in these 2 different transgenic mod-
els. Increased catabolism and decreased production of HDL
were the main mechanisms leading to the partial HDL
deficiency in our hapoA-II-Tg mice.!” These changes seemed
to be more severe in the other transgenic model,'8 leading to
severe hapoA-II accumulation in TRL. Taken together, our
data indicate that the amount of hapoA-II present in TRL in
our hapoA-II-Tg mice did not impair its catabolism.
ApoA-II variability was also correlated with the concentra-
tion of TG in healthy normolipidemic women with hapoA-II
levels ranging from 22.5 to 45.4 mg/dL. In agreement with data
from our hapoA-II-Tg, hapoA-II concentration was found to be
directly correlated with plasma TG 3 hours after the fat-
loading test (r=0.59; P<<0.05) in 13 subjects who were given
a fatty meal with 1 gram of fat per kilogram of body weight,
whereas that with HDL cholesterol was only close to signif-
icance (r=—0.51; P=0.073). Importantly, plasma apoA-II
levels were unaffected by the fat-loading test (34.8+1.4 vs
35.6+1.5 mg/dL under fasting conditions), and TRL con-
tained negligible amounts of apoA-II. This finding strongly
suggests that the marked increase in hapoA-II in TRL that
leads to LPL inhibition is not a physiological mechanism in
humans. Nevertheless, a direct LPL inhibition by apoA-II
may indeed occur in pathological situations, such as hyper-
triglyceridemia associated with Tangier disease and type V
hyperlipidemia in humans,! in cases of extreme HDL defi-
ciency in apoA-II-Tg mice,'*!® and when apoA-II accumu-
lates in TRL, as in mouse apoA-II-Tg mice.!' This and other
major differences between human and mouse apoA-II, such
as the divergent effect on HDL levels, had been attributed to
species-specific differences in amino acid sequence, dimer
formation, and affinity for lipoprotein surfaces.! The reported
inhibition of LPL by apoA-II may also be extendable to other
lipases, such as hepatic lipase and endothelial lipase.!220
Data obtained in our hapoA-II-Tg mice suggested that the
presence of hapoA-II in HDL might influence HDL apoli-
poprotein composition or apolipoprotein transfer to TRL,
thereafter altering TRL postprandial catabolism. To test this
hypothesis in detail, LPL assays were performed using mouse
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HDL from each genotype as the activator apolipoprotein
source. Our results clearly indicated that the ability of
hapoA-II HDL to modulate LPL activity was lower than that
induced by control HDL. We also found that apoA-II levels
showed an inverse correlation with the capacity of HDL to
induce LPL activity in healthy normolipidemic volunteers in
absence of plasma as a source of LPL-activating apolipopro-
teins, and this parameter was also strongly correlated with the
HDL-apoC-II+apoE/apoC-III ratio. ApoC-II is well-known
to be an effective activator of LPL activity, whereas apoC-III
acts as an inhibitor.2! ApoE may also exert enhancing effects
on the action of LPL, although apoE is mainly a ligand of
different cellular lipoproteins.?? It is also well-known that at
least part of apoC-II, apoC-III, and apoE is acquired by TRL
from the HDL reservoir during the postprandial state; thus,
the alteration in HDL composition during fasting may
strongly affect TRL metabolism and plasma TG levels.?3-25
Therefore, it is conceivable that an altered concentration and,
therefore, transfer of these HDL apolipoproteins impaired TG
catabolism in individuals with high hapoA-II levels. The
hapoA-II-Tg mice provided a useful model to gain more
insight into this question. Proteomic and immunonephelomet-
ric analyses of the HDL of hapoA-II-Tg mice did demonstrate
a decreased content in apoA-I and paraoxonase 1, a defi-
ciency previously reported to be caused by displacement of
the HDL surface by a high hapoA-II content,?>?’ and also
demonstrated a deficiency in the HDL content of apoC-III
and apoE. Thus, it is possible that hapoA-II-Tg mice HDL is
a poor acceptor for apoC-III, thereby causing redistribution to
TRL during the postprandial state, which impairs LPL activ-
ity. Alternatively, apoC-III accumulation in postprandial TRL
of hapoA-II-Tg mice could be the consequence, rather than
the cause, of the hypertriglyceridemia. ApoC-II, the main
cofactor required for LPL activity, was not identified by
proteomic analysis and could not be measured by immunon-
ephelometry. Previous reports showed that HDL3 presented a
higher apoA-II-to-apoA-I ratio than HDL2,282° whereas
apoC-1II, apoC-III, and apoE were found to be mainly asso-
ciated with HDL?2.283031 We therefore analyzed whether
human HDL subfractions enriched with apoA-II were poorer
in apoC-II, apoC-III, and apoE. This was the case, as
demonstrated by quantifying these apolipoproteins in pools of
HDL2 and HDL3. In an attempt to ascertain whether
hapoA-II could affect apoC-II content and whether there was
a common mechanism responsible for the rest of the changes
found in HDL apolipoproteins, we incubated purified
hapoA-II with human HDL?2 and found that the increased
association of hapoA-II with HDL2 caused a decrease in the
content of apoC-II, apoC-III, and apoE. The displacement of
these apolipoproteins, especially apoC-II, from HDL and the
consequent altered transfer to TRL may thus explain, at least
in part, the association found between hapoA-II with TG and
with the capacity of HDL to activate LPL, both in mice and
humans.!2¢ These results also demonstrate that hapoA-II is a
major regulator of the apoC-II, apoC-III, and apoE distribu-
tion in discrete HDL particle subfractions, as previously
shown with paraoxonase 1.2¢ This is likely to be attributable
to the higher affinity of hapoA-II for the HDL surface
compared with these apolipoproteins.’-2¢ Therefore, although
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TRL apolipoprotein composition is recognized as modulator
TG metabolism, our results indicate that HDL composition
could play an active role in this process. Further, based on our
observations, we speculate that the relative decrease in HDL2
found in hypertriglyceridemia?® could play an active role in
its pathophysiology by decreasing LPL activity.

In conclusion, our study shows that hapoA-II excess in
HDL may contribute to postprandial hypertriglyceridemia by
inhibiting TRL lipolysis mediated by LPL attributable, at
least in part, to apoC-II, apoC-III, and apoE displacement
from the HDL surface. Because the results of this displace-
ment are consistent with the differential distribution of
apoA-II and apoC-II, apoC-III, and apoE in HDL2 and
HDL3, it is suggested that hapoA-II has a role in determining
the proteome of discrete HDL particle subfractions.
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