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Resumen

0.1. Introduccion

Las neuropatias periféricas hereditarias son aquellas enfermedades que afectan
al sistema nervioso periférico y cuya etiologia reside en un desorden genético
hereditario. La neurodegeneracidon que presentan este tipo de enfermedades se
caracteriza por una pérdida progresiva de la funcidén y/o estructura en las neuronas.
En el caso de axonopatias el proceso empieza en los extremos distales de los axones
largos seguido de una progresion hacia las partes mds proximales. Este tipo de
desdrdenes plantea dificultades en el diagndstico clinico debido a la variabilidad de
sintomas clinicos vy a las diferentes variaciones fenotipicas que se presentan en los
pacientes.

Especies reactivas del oxigeno (ERO) y especies reactivas del nitrégeno (ERN)
son generadas en el metabolismo normal de la célula. Mecanismos enzimaticos y no
enzimaticos estan presentes también en la célula para mantener estas especies
reactivas en equilibrio. Alteraciones en los mecanismos de defensa o en los
mecanismos que generan ERO y ERN producen lo que se denomina como estrés
oxidativo. Este desbalance, conlleva a un aumento de las especies reactivas dando
lugar a dafio en el ADN, lipidos y proteinas. La generacion de este dafio produce ciertas
marcas en cada uno de estos tipos de moléculas que pueden ser detectados y
utilizados como marcadores de estrés oxidativo.

La enfermedad de Charcot-Marie-Tooth (CMT; ORPHA166) es la neuropatia
hereditaria mds comun y recoge a un grupo heterogéneo de desdrdenes con
caracteristicas clinicas, neurofisiolégicas, genéticas y patoldgicas comunes. Las
caracteristicas clinicas que definen este tipo de pacientes son: debilidad y deterioro
muscular de las extremidades distales, reflejo osteotendinoso disminuido o ausente,
pérdida de la sensibilidad distal y frecuentemente deformidades esqueléticas. Este
fenotipo vy las caracteristicas clinicas observadas en pacientes con CMT son
consecuencia de una progresiva pérdida axonal en los nervios sensitivos y motores.
Este desorden tiene un origen genético diverso con mas de 75 genes asociados a la
enfermedad de Charcot-Marie-Tooth. El desorden genético que con mas frecuencia
se encuentra en pacientes con la enfermedad de CMT es una duplicacién

intracromodsomica que incluye a la parte del gen codificante para la proteina periférica
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de mielina de 22 kDa (PMP22). Este tipo de alteracion define un subtipo de la
enfermedad denominado CMT subtipo 1A (CMT1A). PMP22 es una proteina integral
de la membrana altamente expresada por las células de Schwann mielinizantes del
sistema nervioso periférico. Esta proteina forma parte de la regién compacta de la
vaina de mielina donde tiene una funcién estructural ademas de participar en los
primeros pasos de la formacién de ésta. PMP22 ademas actla como mediador entre
la célula de Schwann y la matriz extracelular, regulando la proliferacion celular y la
apoptosis, y ha sido relacionada con las uniones intracelulares. La enfermedad de
Charcot-Marie-Tooth, como ya se ha descrito, presenta un fenotipo heterogéneo con
un amplio rango de alteraciones genéticas y genes implicados. Ademas, el debut en |a
infancia, la diferente progresion y severidad de los pacientes de CMT vy la falta de
tratamiento para esta enfermedad hereditaria potencia la necesidad de encontrar
nuevos biomarcadores de diagndstico, prondstico y monitorizacion de los efectos
terapéuticos de los ensayos clinicos.

La ataxia de Friedreich (FRDA; OMIM 229300) es una enfermedad mitocondrial
neurodegenerativa con una herencia autosémica recesiva, aunque dentro de las
ataxias hereditarias es la mas prevalente. A pesar de este Ultimo hecho, se considera
una enfermedad rara o poco frecuente con un debut en la infancia y que presenta una
progresiva pérdida de las neuronas sensitivas en el ganglio dorsal de la raiz vy la
columna posteriores de la médula. Ademas de presentar alteraciones en el sistema
nervioso periférico, el sistema nervioso central también estd afectado detectando
alteraciones en el nucleo dentado del cerebelo de estos pacientes. Al mismo tiempo
de estas caracteristicas neuroldgicas, otras enfermedades concomitantes se han
descrito en pacientes de FRDA. Asi, los pacientes de FRDA pueden presentar, ademas
de mostrar las caracteristicas neuroldgicas, escoliosis, diabetes tipo |l y cardiomiopatia
hipertréfica. Esta dltima es la principal causa de muerte en pacientes de FRDA. El
fenotipo observado en pacientes de FRDA estd causado por una alteracion en el
numero de repeticiones del tripéptido guanina-adenina-adenina (GAA) en el primer
intrén del gen que codifica FXN que codifica para la proteina frataxina. Alelos con hasta
36 repeticiones son considerados como normales, mientras que mas de estas
repeticiones puede conllevar la generacién de expansiones patogénicas. En el caso de

ataxia de Friedreich las repeticiones fluctian entre 44 y 1700 y generan la disminucién
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de expresion de la proteina frataxina. La funcidn principal de frataxina no esta
claramente corroborada, sin embargo, esta proteina se ha visto implicada en diversas
funciones. Una de las primeras descritas fue en relacién a su capacidad para unir hierro
ejerciendo un papel de almacenaje de hierro. Por otro lado, también se la ha
relacionado con la formacion de los clusters hierro-azufre, imprescindibles para el
correcto funcionamiento en la mitocondria de los complejos I, Il y Ill de la cadena de
transporte electrénico y la enzima aconitasa, y en la biosintesis de grupo hemo. Este
tipo de ataxia, presenta diferencias en las caracteristicas clinicas, asi como en la
progresion de la enfermedad. Ademas, |la presencia de enfermedades concomitantes
incrementa la complejidad de esta neuropatia por lo que se estd incrementando el
estudio de posibles biomarcadores prondstico de esta enfermedad. No obstante, no
existen biomarcadores fiables que puedan estratificar los pacientes segiun su
enfermedad/es concomitante/s (diabetes, escoliosis y cardiomiopatia hipertréfica).
Los microARNs (miARN) son pequefias secuencias de 22 nucledtidos localizadas
en regiones intragénicas y/o intrinsecas de transcritos que codifican para proteinas.
Tras su procesamiento por el complejo Drosha-DGCR8 vy Dicer, dos hebras
complementarias se generan y una es incorporada al complejo de silenciamiento
inducido de ARN. Este complejo se une por complementariedad a la secuencia de ARN
mensajero de la proteina diana controlando su degradacion, y por tanto los niveles de
proteina. Estas pequefias moléculas gendmicas han sido descritas como
biomarcadores de diferentes enfermedades. Estan ademas implicadas en el desarrollo
y correcto funcionamiento del sistema nervioso. Por ello estudios de los perfiles de
expresion de estos miARN puede proveer de mas conocimiento acerca de los
mecanismos patolégicos de las enfermedades neurodegenerativas ademas de servir
como biomarcadores de progresién de la enfermedad y monitorizacion de los

tratamientos que se utilicen durante los ensayos clinicos.

0.2. Hipdtesis y objetivos

Dada la heterogeneidad fenotipica observada tanto en los pacientes de Charcot-
Marie-Tooth como en los de ataxia y la ausencia de marcadores de prondstico y

seguimiento de ensayos clinicos fiables, la necesidad de encontrar nuevos
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biomarcadores es mas que patente. Andlisis de marcadores de estrés oxidativo y de
expresion de proteinas pueden proporcionar un perfil de expresion diferencial entre
pacientes leves, pacientes severos y controles que puede utilizarse como
biomarcadores en este tipo de pacientes. Por otra parte, estudios de expresion
diferencial de miARN pueden dilucidar diferencias en el perfil de expresién entre
pacientes de FRDA o los diferentes modelos celulares de ataxia de Friedreich y sus
respectivos controles que pueden ser nuevos biomarcadores para esta neuropatia.

El principal objetivo de este estudio es encontrar biomarcadores de
estratificacién clinica, prondstico y/o monitorizacion de ensayos clinicos en la
enfermedad de Charcot-Marie-Tooth y en la ataxia de Friedreich.

Para ello se pretende llevar a cabo los siguientes objetivos y sub-objetivos:

. Busqueda de biomarcadores en plasma de pacientes leves y severos de la
enfermedad de Charcot-Marie-Tooth con duplicacion en PMP22.

a. Analizar marcadores de estrés oxidativo en plasma de pacientes
leves y severos de la enfermedad de Charcot-Marie-Tooth con
duplicacion en PMP22.

b. Explorar la expresion diferencial de marcadores protedmicos en
plasma de pacientes leves y severos de la enfermedad de Charcot-
Marie-Tooth con duplicacién en PMP22 vy validar los posibles
biomarcadores.

[I.  Busqueda de biomarcadores gendmicos en plasma de pacientes de ataxia de
Friedreich y modelos celulares de la enfermedad (células madre de la
mucosa olfativa, fibroblastos y SH-SY5Y).

a. Evaluacién de la representacién diferencial de los miARN en
muestras de plasma de pacientes de FRDA y controles sanos, analisis
bioinfomatico de las rutas reguladas por estos miARN y validacion de
miARN candidatos a biomarcadores y sus rutas diana.

b. Analizar la expresién diferencial de modelos celulares de la
enfermedad (células madre de la mucosa olfativa, fibroblastos y SH-
SY5Y), andlisis bioinfomatico de las rutas reguladas por estos miARN

y validacién de miARN candidatos a biomarcadores y sus rutas diana
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c. Validar el perfil de miARN de muestras de plasma de pacientes de
FRDA y controles sanos en modelos celulares de la enfermedad
(células madre de la mucosa olfativa, fibroblastos y SH-SY5Y) y sus

rutas diana.

0.3. Metodologia

Tras obtener la aprobacién de los comités éticos y cientificos de los hospitales y
biobancos implicados en este estudio, se realizd la colecta de las muestras de plasma
en tubos EDTA de pacientes de la enfermedad de Charcot-Marie-Tooth (Subtipo 1A) y
de ataxia de Friedreich y sus respectivos controles agrupados por edad y sexo. Para el
caso de CMT, 42 pacientes caucasicos y 22 sujetos caucasicos sanos se unieron a
estudio. Los pacientes se clasificaron segun la escala CMTNS en leves si el valor era
menor o igual a 15 o en severos si el valor era superior a 15. En el caso de FRDA 25
pacientes caucdsicos y 25 controles caucasicos fueron incluidos en el estudio.

Ademas de las muestras de plasma tres modelos celulares diferentes de ataxia
de Friedreich fueron utilizados en este trabajo: lineas celulares de fibroblastos de
pacientes de FRDA vy fibroblastos de sujetos sanos; lineas celulares de células madre
de la mucosa olfativa de pacientes de FRDA e individuos sanos; linea celular de
deficiencia en frataxina por interferencia en células de neuroblastoma SH-SY5Y y sus
controles.

Para la busqueda de biomarcadores de estrés oxidativo en muestras de plasma
de CMT, se determinaron los niveles de Malondialdehido (MDA) mediante
cromatografia liquida de alta presion acoplada a deteccidon con ultravioleta (HPLC-UV).
Los niveles de proteinas carboniladas se obtuvieron mediante derivatizacién de las
muestras con el kit “Oxi-Blot™ protein oxidation detection kit” (Millipore, EE. UU.) y
posterior inmunodeteccion con técnica “dot-blot”, en la que las muestras son
adsorbidas en una membrana de nitrocelulosa y para posteriormente realizar la
inmunodeteccién con anticuerpos especificos. También mediante esta técnica “dot-
blot” se obtuvieron los niveles de proteinas nitrosiladas. Las imagenes obtenidas se
densitometraron mediante el uso del software imagel. Para obtener los niveles de

glutation, asi como determinar el ratio de glutatién oxidado (GSSG) y reducido (GSH),
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se utilizo el kit comercial “DetectX Glutathione kit” (Arbor Assays, EE. UU). Por ultimo,
mediante el uso del kit “Cayman’s Antioxidant Assay Kit” (Cayman, EE. UU.) se
determind la capacidad antioxidante total que presentaba cada uno de los grupos
analizados.

Para realizar el analisis protedmico de las muestras de plasma de pacientes de
la enfermedad de Charcot-Marie-Tooth se realizd mediante el uso de una técnica
mejorada de la electroforesis en dos dimensiones: |la electroforesis diferencial en gel
de dos dimensiones (2D-DIGE). Esta técnica permite identificar las proteinas con
expresioén diferencial entre un grupo diana (en nuestro caso el grupo leve o severo de
pacientes de CMT) y un grupo control. Para ello cada una de las muestras
seleccionadas de cada uno de los grupos se tifie con un fluoréforo de los denominados
cyDyes diferente. Este tipo de fluoréforos se unen covalentemente en una proporcién
uno: uno a la proteina. Ademas, una mezcla equimolecular de ambas muestras se tifio
con otro fluordforo Cy diferente a los anteriores para normalizar los niveles de
proteinas. Las tres muestras tefiidas se incorporaron a una tira de gradiente de pH
inmovilizado “IPG strips” (24cm, non-lineal pH 3-10, Immobiline DryStrip, GE
Healthcare, EE. UU.) y se separaron segun su punto isoeléctrico. Posteriormente estas
tiras se incorporaron a geles de poliacrilamida donde se realizd la segunda dimension
de la técnica y las proteinas que previamente se habian separado por punto
isoeléctrico, se separaron ademads por tamafio molecular. Los geles fueron
escaneados con “Typhoon™ TRIO” (GE Healthcare, EE. UU) y analizados con el
software Decyder software (GE Healthcare, EE. UU.) que nos determind los picos con
expresion diferencial observados en cada uno de los contrastes realizados. Estos picos
identificados en el gen posteriormente fueron extraidos utilizando un equipo “Ettan
spot picker” (GE Healthcare, EE. UU). Cada una de las muestras obtenidas del andlisis
2D-DIGE fueron analizadas por espectrometria de masas o por cromatografia liquida
acoplada a espectrometria de masas, identificando asi cada una de las muestras que
se observaron con expresion diferencial. Para determinar la relevancia de estas
proteinas en el contexto de la enfermedad de Charcot-Marie-Tooth, se realizd un
estudio bioinformatico con la herramienta web PhenUMA, en la que se realizé un
primer analisis de similitudes fenotipicas que presenta el gen mutado en estos

pacientes (PMP22) y posteriormente otro analisis de relaciones fenotipicas entre los



Resumen

genes relacionados con PMP22 por presentar rasgos fenotipicos similares al ser
alterados y los genes de las proteinas identificadas en el analisis 2D-DIGE. Por ultimo,
se realizé una validacion de la proteina gelsolina mediante el uso de ensayos de
inmunodeteccion ligados a enzimas (ELISA), en concreto el kit comercial “Human
plasma (soluble) gelsolin ELISA kit” (Aviscera Biocience, EE. UU.).

En el caso de los analisis gendmicos de miARN, a partir de las muestras de plasma
de pacientes de FRDA y controles o precipitado de las diferentes lineas celulares
presentes en los tres modelos de FRDA mencionados anteriormente se aislo la fraccion
pequefia de ARN. En el caso de las muestras de plasma se realizé mediante el uso del
kit “miRNeasy Serum/Plasma kit” (Qiagen, Termofisher, EE. UU.), mientras que en el
caso de los modelos celulares se utilizd el kit “miRvana miRNA Isolation Kit” (Applied
Biosystems/Ambion, EE. UU.). Una vez aislados los miARN se procedié al analisis de
secuenciacion de la fraccion pequefia de ARN (small-RNA sequencing). Los miARN
procedentes de plasma fueron analizados mediante la plataforma Ilumina. Para ello,
previamente a la secuenciacién se generd una biblioteca de ADN complementario
(cADN) utilizando para ello los kits “RNA Library Prep Set for Illumina” (Set 1&2) (New
England Biolabs, EE. UU.). Estas bibliotecas fueron empleadas para la generacién de
los “clusters” y la secuenciacion en la plataforma de “lllumina HiScanSQ platform” (50
bp single read; lllumina, EE. UU.). Los resultados obtenidos fueron analizados para
determinar su calidad mediante el software FastQC y alineadas con el genoma
humano de referencia Hg18 y la base de datos de miARN miRBase v21 utilizando para
ellos los paquetes “Subread” y “Rsubread”. Por otro lado, los miARN procedentes de
los modelos celulares fueron secuenciados mediante la tecnologia “lon Torrent”. La
generacion previa de la biblioteca de cADN por tanto se realizd mediante el kit,
correspondiente para esta plataforma de secuenciacién, “lon Total RNA-Seq Kit v2”
(Life Technologies/Thermo fisher, EE. UU.). Estas bibliotecas de cADN se utilizaron
para generar las “beads” que se incorporaron al chip que posteriormente se
introduciria en el secuenciador “lon Proton sequencer” (Life Technologies/Thermo
FIsher, EE. UU.). Las secuencias obtenidas fueron alineadas con el genoma de
referencia Hg19 y la base de datos de miARN miRBase v21. La expresion de los miARN
procedentes de plasma fueron normalizadas y se seleccionaron aquellos que tenian

una expresion diferencial con una tasa de falso descubrimiento (FDR) de 1e-4. En el
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caso de los miARN de modelos celulares la expresién diferencial de estos fue calculada
utilizando los paquetes del software R denominados “EdgeR” y “DESeq” 2. Por ultimo,
se determinaron las proteinas diana de regulacién de los miARN detectados con
expresion diferencial mediante el uso de la seccion DIANA-microT-CDS del servidor
web DIANA v5.0y “DIANA-miRPath” v3.0 para determinar las rutas moleculares en las
cuales estan las dianas de los miARN. Estos miARN fueron validados mediante técnicas
de cuantificacion basadas en la reaccién en cadena de la polimerasa (RT-gqPCR), asi
como la evaluacion de los niveles de ARN mensajero de las dianas del miR-330-3p. Por
ultimo, se realizaron analisis estadisticos Chi-cuadrado para determinar si los miARN
encontrados con expresion diferencial en plasmas de pacientes de ataxia de Friedreich
respecto a sus controles permitian estratificar a los pacientes segin su enfermedad
concomitante (diabetes o cardiomiopatia). Ademas, se realizaron analisis de curvas de
Caracteristica Operativa del Receptor (ROC) para determinar la especificidad y la
sensibilidad de los miARN. Todos estos analisis se realizaron mediante el uso del
software SPSS version 20 (IBM Corporation, EE. UU.). El resto de andlisis estadisticos
no especificados se realizaron mediante el uso del software “Graphpad Prism” version

6 (GraphPad Software, EE. UU.).
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0.4. Resultados vy discusion

Las enfermedades neurodegenerativas presentan una alta variabilidad
fenotipica y genotipica, por ello es de especial relevancia la obtenciéon de nuevos
biomarcadores que permitan mejorar el conocimiento sobre la estratificacion de
pacientes, la progresion de la enfermedad y la monitorizacion de tratamientos
analizados en ensayos clinicos. En esta tesis se ha pretendido obtener biomarcadores
de estrés oxidativo y protedmicos en plasmas pacientes de la enfermedad de Charcot-
Marie-Tooth con duplicacién en gen de la proteina PMP22 y biomarcadores
gendmicos, en concreto miARN, en plasmas de pacientes de ataxia de Friedreich y
modelos celulares de esta enfermedad.

En la busqueda de biomarcadores de estrés oxidativo en los plasmas de CMT, se
analizaron los niveles de dafio proteico por estrés oxidativo mediante los niveles de
proteinas carboniladas y nitrosiladas. También se determinaron los niveles de dafio
oxidativo en lipidos mediante los niveles de malondialdehido (MDA). Sin embargo, no
se entraron diferencias en ninguno de ellos. Tampoco se observaron diferencias en los
niveles de capacidad antioxidante total, ni en los niveles de glutation total y cociente
GSSG/GSH, por lo que parece que no hay marcadores de estrés oxidativo en plasmas
de pacientes de la enfermedad de Charcot-Marie-Tooth con duplicaciéon en el gen
PMP22 (CMT1A).

Por otra parte, en el andlisis protedmico mediante la técnica 2D-DIGE, se
identificaron veinte proteinas con expresion diferencial entre pacientes de CMT
(pacientes leves y pacientes severos) comparados con los sujetos sanos. Estas
proteinas fueron: Afamina, Region C de la cadena kappa de las inmunoglobulinas,
Plasmindgeno, Factor B del complemento, gelsolina, Antitrombina-Ill, Apolipoproteina
A-IV, Haptoglobina, Clusterina, Componente C6 del complemento, Cadena del
fibrindgeno, Vitronectina, Serotransferrina, Kininogeno-1, Alfa-1-antitrypsina, Alfa-2-
HS-glicoproteina, Alfa-1B-glicoproteina, Proteina de unién a vitamina D,
Apolipoproteina E y Apolipoproteina A-l. De estas proteinas solo diecisiete mostraron
tener relaciéon con PMP22 a través de otras proteinas que al ser mutadas tenia un
fenotipo similar al observado en la duplicacion de PMP22 al analizarlas con el software

PhenUMA. Gelsolina es una de las proteinas identificadas con expresion diferencial
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entre pacientes leves de CMT vy pacientes severos al compararlos con los sujetos
sanos. Esta proteina esta relacionada con PMP22 a través de otras proteinas
relacionadas fenotipicamente con esta uUltima y ademads ha sido descrita con niveles
alterados en otra neuropatia, la amiloidosis familiar tipo finlandesa. Por ello se
validaron los niveles de esta proteina en los tres grupos estudiados (pacientes leves,
pacientes severos y controles). Sin embargo, no se observaron diferencias en los
niveles de gelsolina entre estos grupos. Ademas, también se analizd la correlacion
entre la edad de los pacientes de CMT o controles y los niveles de esta proteina, ya
gue en el caso de la amiloidosis familiar si se observé una relacion entre los niveles de
esta proteina y la edad. En el caso de los pacientes de CMT, una ligera correlacién se
observd entre la edad y los niveles de gelsolina, pero no suficiente para que las
diferencias en los niveles de gelsolina puedan ser explicados por las diferencias de
edad. En el caso de los pacientes no se observd correlaciéon. Todos estos resultados
muestran que gelsolina no es un buen biomarcador para la enfermedad de Charcot-
Marie-Tooth. Del resto de proteinas identificadas, la proteina de unién a vitamina D
ha sido descrita como biomarcador en otras enfermedades neurodegenerativas. Otras
proteinas implicadas en la coagulacidon como son plasmindgeno y la antitrombina Ill se
han descrito como alteradas en diferentes enfermedades del sistema nervioso. Otras
proteinas como son la cadena gamma del fibrindgeno vy la vitronectina también se
encuentran alteradas en otras neuropatias. Por su parte los factores B y componente
C6 del complemento estan relacionados con enfermedades neurodegenerativas y
distrofias neuroaxonales respectivamente. Las lipoproteinas clusterina (también
conocida como Apolipoproteina J), Apolipoproteina A-1V, Apolipoproteina E vy
Apolipoproteina A-I han sido encontradas con niveles alterados en diferentes
neuropatias ademas de en nuestro estudio. Esto indicaria una alteracién del
metabolismo de las lipoproteinas en la enfermedad de Charcot-Marie-Tooth y se
explicaria por su papel en la organizacién de las zonas ricas en lipidos derivados de
colesterol, por ello este estudio muestra diferentes proteinas con expresién
diferencial, y con asociacion con otras enfermedades neurodegenerativas, que
pueden ser posibles biomarcadores protedmicos para la enfermedad de Charcot-

Marie-Tooth.
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El estudio de biomarcadores en la ataxia de Friedreich se realizé mediante el
analisis del miRNoma en plasmas de pacientes y en tres modelos diferentes de esta
enfermedad ya que estas moléculas puedes ser potenciales biomarcadores de
diagndstico, prondstico y monitoreo de ensayos clinicos.

En el caso del miRNoma de las tres lineas celulares hemos detectado diferente
perfil de expresion entre los casos y los controles de cada una de ellas (fibroblastos,
células madre de la mucosa olfativa y lineas celulares de SH-SY5Y). Al comparar los
diferentes perfiles de expresién de los 3 modelos no se encontraron miRNAs que
aparecieran en todos ellos, pero si se detectaron al realizar comparaciones entre un
grupo y otro de los dos grupos restantes. Asi, hsa-miR-10b-5p se encuentra en los
perfiles de expresién de fibroblastos y lineas celulares SH-SY5Y. hsa-miR-409-3p, hsa-
miR-3117-3p, hsa-miR-106b-3p, hsa-let-7a-2-3p, hsa-miR-15a-3p, and hsa-miR-106b-
5p estan expresados diferencialmente en lineas celulares SH-SY5Y y células madre de
mucosa olfativa. hsa-miR-10b-5p, hsa-miR-106b-3p, hsa-miR-15a-3p, and hsa-miR-
106b-5p fueron validados en las tres lineas celulares. Ademas, también se analizaron
las rutas en las que estan implicadas las dianas de los miARN detectados con expresion
diferencial. El metabolismo de lipidos es una ruta que tiene algunas dianas de los
miARN detectados (la sintetasa de acidos grasos y la acil-CoA acido graso sintasa 4) y
ha sido descrita como alterada en modelos de mosca de FRDA. Otra ruta destacada en
el contexto de ataxia de Friedreich es la ruta de sefializacion de AMPK donde FOXO3
es una de las dianas ademas de Akt, mTORC y la propia AMPK. FOXO3 es un factor de
transcripcion que fomenta la expresién del gen FBX0O32 gen cuya expresion puede
potenciar la atrofia o hipertrofia muscular. La expresidon de este gen fue analizada en
las tres lineas celulares observando que su nivel estaba elevado en todas ellas.

En el analisis del miRNoma de las muestras de plasma, encontramos siete miARN
circulantes que tienen expresion diferencial entre pacientes de ataxia de Friedreich y
sujetos control (hsa-miR-128-3p, hsa-miR-625-3p, hsa-miR-130b-5p, hsa-miR-151a-
5p, hsa-miR-330-3p, hsa-miR-323a-3p, hsa-miR-142-3p). Ademas, al realizar analisis
para estratificar los pacientes encontramos que el mir-323a-3p presenta niveles mas
elevados en aquellos pacientes con cardiomiopatia hipertrofica con una alta
sensibilidad (88.9%) y una aceptable especificidad (62.5%). Este miARN puede ayudar

a los clinicos en la generacion de algoritmos que predigan la cardiomiopatia en este
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tipo de enfermos, contribuyendo a un diagndstico y prondstico temprano previo a la
deteccidn por procedimientos estandar. En el andlisis de las rutas en las que participan
las dianas de los siete miARN encontramos la oxidacién de los acidos grasos vy el
metabolismo central del carbono, ambas alteradas en FRDA y que pueden contribuir
al dafio cardiaco en los pacientes de ataxia de Friedreich. Otra ruta, también
observada en el caso del estudio del miRNoma en las tres lineas celulares, fue la ruta
de sefializacion AMPK. En este caso ademas de AMPK, AKT y mTORc, otras proteinas
de la ruta como FOXO1, PTEN, ATM o PI3K estan también reguladas por estos miARN.
Para determinar la importancia de estos miARN en el contexto celular se validaron en
los modelos celulares descritos anteriormente (fibroblastos, SH-SY5Y y células madre
de la mucosa olfativa), observando que los niveles del miR-330-3p estaban alterados
en todos ellos. Por ello se pretendié determinar los niveles de expresién génica de
algunas de sus dianas (FOXO1, LDHA, PDHA, and SODZ2), observando que la expresion
de estas dianas no esta regulada por el miR-330-3p en exclusividad, pero este puede
estar ejerciendo un papel importante en la fisiopatologia de la ataxia de Friedreich.

Otras rutas con dianas de los miRNA son la ruta de sefializacién porinsulina cuya
desregulacion también ha sido descrita en modelos animales y celulares de ataxia de
Friedreich y que tiene como consecuencia la aparicion concomitante de diabetes tipo
Il en pacientes de esta enfermedad.

Por ultimo, es destacable la ruta de sefializacion Wnt/B-catenin en la que
algunos miRNA tienen como diana la catenina CTNNB1, mientras que otros entre ellos
miR-323a-3p tienen como diana la ATPasa transportadora de calcio del reticulo
sarcoplasmico, ATP2A2. Nosotros proponemos que la disminucién de estas proteinas
por parte de estos miARN puede generar un aumento de Ca** que conduzca a la
activacién de genes de crecimiento y remodelacion cardiaca favoreciendo la aparicién
de la hipertrofia cardiaca en pacientes de FRDA. Ademas, como se ha explicado
anteriormente el miR-323-3p tiene unos niveles mas elevados en pacientes con este
tipo de patologia y se encuentra sobreexpresado en los modelos celulares de células
madre de mucosa olfativa y SH-SY5Y, lo que concuerda con nuestra hipotesis.

Todos estos hechos ponen de relevancia la importancia de los miARN en la

fisiopatologia de la ataxia de Friedreich proporcionando diversos candidatos para la
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terapia personalizada de estos pacientes y generando nuevo conocimiento acerca de

las bases moleculares y fisiolégicas que subyacen a esta neuropatia.

0.5. Conclusiones

Este estudio mejora el conocimiento acerca de la fisiopatologia de estas
enfermedades neurodegenerativas raras. Se muestra una serie de posibles
biomarcadores implicados en rutas fisioldgicas y moleculares subyacentes a estas
enfermedades, que estan afectados también en otras enfermedades
neurodegenerativas. Por uUltimo, proponemos el miR-323a-3p como biomarcador de
cardiomiopatia hipertréfica en pacientes con ataxia de Friedreich asi como un posible

mecanismo por el cual una desregulacion de éste generaria el defecto cardiaco.
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Introduction

1.1. Peripheral nervous system

The complex assemblage of nerves and specialized cells and structures that
forms the nervous system have as function the coordination and signalling integration
to and from different parts of body. This system could be separated in two main parts.
Brain and spinal cord are two components of one of main part called central nervous
system (CNS). The cranium and the vertebral canal of spine protect these components
respectively. Second part, called peripheral nervous system (PNS), is formed by nerves
(cranial and spinal nerves) and ganglia outside of brain and spinal cord (peripheral
ganglia, such as Dorsal Root Ganglia) that connects CNS with the rest of the body
(Figure 1).

PNS can be divided into somatic nervous system (transmits voluntary signals
from CNS to rest of the body) and autonomic nervous system (controls involuntary
responses to adjust physiological functions). The last one is always working either in
its parasympathetic or sympathetic state. In PNS those nerves that transmit
information from the body to CNS are called afferent or sensory, meanwhile the
nerves that transmit signals from CNS to the rest of the body are called efferent or
motor.

The fast and correct conduction of information is achieved thanks to myelin
sheath. Myelin is formed by the wrapping of the plasma membrane of myelinating glial
cells (called Schwann cells in PNS)" along the axons, with exceptions in some regions
with high concentration of sodium and potassium channels, known as Nodes of
Ranvier, that facilitate the saltatory conductions of impulses®. Also, unmyelinated
axons are present in the CNS in closely packed bundles without any glial cells
separating them. Whereas in the PNS are always ensheathed in Schwann cells.
Unmyelinated axons show reduced conductivity of impulses compared with

myelinated ones, due to absence of myelin sheath and the small diameter”.
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Peripheral Nervous System

Central Nervous System

Brain

Spinal cord

Ganglion

Nerve

Figure 1. Schematic representation of central nervous system and peripheral nervous system. (Image obtained
from 8.81 version of Textbook OpenStax 4)

-20 -

1.1.1. Afferent or sensitive nerves

Primary afferent nerves transmit impulses from sensory receptors in the
skin or viscera to the secondary sensory neurons of the spinal cord dorsal horns
for central processing. The somas of the primary afferent neurons are contained
in dorsal root ganglia (DRG) with a pseudo-unipolar structure. This
pseudounipolarity is denominated when the cell body of the neuron is situated in
DRG and the axon has two branches, bifurcating one to a peripheral and the other
one to spinal cord. Each DRG is identified with C, T, L or S letter according to
section of spinal cord (cervical, thoracic, lumbar or sacral, respectively) and, in a
rostro-caudal order, the number of corresponding vertebra.

Primary afferent neurons are characterized according to degree of
myelination and axon size of. Aa- and AB-fibers are the largest and heavily
myelinated neurons that transfer information of proprioception and innocuous

mechanoreception, respectively. Ad-fibers are small and myelinated neurons that
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mainly convey fast sharp pain and temperature sensation, but a few of them are
responsible of low threshold mechanosensation information transport. Small
unmyelinated fibers, called C-fibers, transmit sensation of temperature, slow dull
pain and itch>. Diverse modality of neurons project axons specifically to some
laminae of the spinal cord; in dorsal horn laminae | and Il is where terminate
nociceptive afferents neurons, whereas mechanosensitive neurons mainly end in
laminae lll and IV. Proprioceptive neurons terminate in the ventral spinal cord

where they synapse with motor neurons 6 (Figure 2).

White matter Dorsal root

ganglion
Dorsal root ’
Sensory
"X neuron
/ soma

\ ./ o

Gray matter

Spinal
nerve

Motor neuron Ventral root
soma

Figure 2. Schematic representation of cross section of spinal cord. (Figure obtained from

http://www.newhealthadvisor.com/Spinal-Cord-Cross-Section.html)

1.1.2. Efferent or motor neurons

Efferent nerves, also called motoneurons, transfer information from
central nervous system to effector organs (muscles or glands). Upper
motoneurons are one main type of efferent nerves that originates from cerebral
cortex, whereas lower motoneurons, second main type, are situated in the
brainstem and spinal cord. The body cell of those from spinal cord, is localized in

the ventral horn of the grey matter and the axon projects to peripheral effectors
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through the ventral root. Lower motoneurons receive information from upper

efferent neurons, sensory neurons and interneurons.

1.1.3. Neurological disorders

Neurological disorders are electrical, biochemical or structural anomalies that
can affect the nervous system (central and peripheral). The protection of CNS prevents
most types of injuries, however when some of the anomalies appear then they
produce more important consequences than injuries in PNS. PNS diseases, also called
peripheral neuropathies, are part of common and many rare diseases with a
heterogeneous aetiology, pathology and severity that could affect one peripheral
nerve (mononeurpathy) or multiple nerves (polyneuropathy). Among the possible
aetiology of peripheral neuropathies those with a genetic hereditary origin are called
peripheral hereditary neuropathies.

Peripheral hereditary neuropathies can be categorized into 1) hereditary motor-
sensory neuropathies when primary sensitive and motoneurons are affected; 2)
hereditary sensory neuropathies or 3) distal hereditary motor neuropathy, when
exclusively sensory neurons or distal lower motoneurons are affected, respectively; 4)
hereditary brachial plexus neuropathy when brachial plexus and upper motoneurons
are affected; 5) hereditary sensitive autonomic neuropathies when primary sensory
and autonomic neurons are affected; and hereditary neuropathy with liability to
pressure palsies when an individual nerve suffer a pressure’.

Neurodegeneration is characterized by progressive loss of function, structure or
both, in neurons. This process often begins at distal ends of long axons, followed by
distal-to-proximal progression in a phenomenon called “dying-back neuropathy”,
typical of neuropathies denominated axonopathies, such as amyotrophic lateral
sclerosis, spinal muscular atrophy or spinocerebellar disorders®. Neurodegeneration
can also occur when Schwann cells are affected, since the myelin sheath is crucial for
function and maintenance of peripheral nerves. Loss of myelin, demyelination, in one
or several internodes is often followed by remyelination generating concentric
proliferation of Schwann cells that generates a structure called “onion-bulb”. This

structure is observed in some types of Charcot-Marie-Tooth (CMT) disease’.
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Peripheral neuropathies have some difficulties in clinical diagnosis, since high
variability of clinical symptoms and frequently different forms of the disease are

associated with peripheral neuropathies™ .

1.2. Oxidative stress

An important element of cellular physiology is to maintain redox homeostasis,
meaning to keep balanced antioxidant and pro-oxidant levels. Oxidative stress is
generated by an imbalance between antioxidant and pro-oxidant species levels, which
results in an oxidative damage. Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) are a wide spectrum of molecules (Table 1) that are generated as a
consequence of enzymatic and non-enzymatic mechanisms. Vital roles in different
biological processes (such as biological molecules synthesis, cell growth, blood
pressure modulation, cell signalling, immune response, and smooth muscle relaxation)
are played by ROS and RNS %>

Table 1. Main Reactive oxygen species (ROS) and reactive nitrogen species (RNS) e

Name Symbol
Superoxide ion 0,"
Hydrogen peroxide H,0,
Hydroxyl HO®
Peroxyl radical ROO*
Singlet oxygen OlAg
2
Nitric oxide NO’
Peroxynitrite ONOO
Nitrosyl HNO
Nitrite NO,
Nitrate NO3
S-nitrosothiol RSNO
Carbon monoxide CcO

The Electron transport chain in mitochondria is the major source of ROS into the
cell, produced mainly as a result of partial reduction of molecular oxygen during the
process of oxidative phosphorylation, and generating superoxide anion (0,”). In

addition to this major source of ROS there exist other systems that can produce ROS
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such as peroxisomes, NADPH, xanthine oxidase, RNS and plasma membrane redox
system, lysosomes, and protein folding processes *”. The principal source of RNS is NO
generated by amino acid metabolism of L-arginine which is converted to L-citrulline
by nitric oxide synthases (NOS)™. When NO reacts with O, oxidant peroxynitrite
(ONOQ)) is generated, which reacts relatively slowly with most biological molecules
such as nitrotyrosine, nitrotryptophan and nitrated lipids. These subproducts are used
as relevant biological markers of persistent oxidative stress™.

Increased levels of free radicals induce damage in lipids, proteins, and DNA. The
end products of this damage are trustworthy and relatively direct makers of oxidative
stress. Different products of DNA damage, including 8-hydorxydeoxyguanosine (8-OH-
dG), 8-hydroxyadenide, and 7-methyl-8-hydroxyguanine, have been detected in

humans®%?

. Protein carbonyls and protein nitrosylation are used mainly as protein
oxidation markers®?. Damage in polyunsaturated fatty acids leads to the formation of
highly reactive electrophilic aldehydes such as malondialdehyde (MDA), 4-hydroxy-2-

nonenal (HNE) or acroleine®.

1.2.1. Antioxidant systems

Mechanisms of defence against exposure to different free radicals, such as
physical barriers, preventive, and repair processes have been developed. Antioxidants
systems can be classified in two categories: enzymatic antioxidants and non-enzymatic

antioxidants and some of them are discussed below.

1.2.1.1.  Enzymatic antioxidants
1.2.1.1.1. Superoxide dismutase (SOD)

Superoxide dismutase catalyses, in the first line of defence against free
radicals, the reduction of highly reactive radical anion O, into oxygen and the less
reactive H,0, molecule, with the coordinated action of catalase or peroxidase
enzymes that remove generated H,0,. Three different forms of SOD are found in
different cellular localizations: cytosolic copper/zinc-SOD (CuZnSOD, SOD1),
mitochondrial manganese-SOD (MnSOD, SOD2), and extracellular superoxide

dismutase (SOD3).
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1.2.1.1.2. Catalase (CAT)

As described above, catalase remove hydrogen peroxide generating
molecular oxygen and water using either iron or manganese as a cofactor.

Catalase localization is mainly in peroxisomes.

1.2.1.1.3. Glutathione peroxidase (GPx)

Other enzyme, as it is mentioned before, that catalyses the reduction of
H,O, generated by SOD is glutathione peroxidase. In addition, Gpx is able to
catalyse the reduction of lipid peroxides using, as in the case of hydrogen
peroxide, reduced glutathione (GSH) and generating also oxidized glutathione
(GSSG). GPx is a selenium-peroxidase with six different isoforms that are present
in both cytosol and mitochondria. To reconvert the GSSG into GSH a flavoprotein
enzyme called glutathione reductase (GRx) is needed, using NADPH as reducing

power sou FC624.

1.2.1.1.4. Thioredoxin (TRX)

TRX system is the most important disulphide reductase system, which
can donate electrons (using NADPH as source of reduction power) to a bigamount
of proteins and seems to be essential for DNA synthesis and oxidative stress
defence. Thioredoxin system is formed by thioredoxin (Trx) isoforms
(mitochondrial isoform TRX2, cytosolic isoform TRX1, and testis isoform TGR) and

thioredoxin reductase (TrxR), that regenerates oxidized thioredoxin®.

1.2.1.1.5. Peroxiredoxins (Prdx)

These enzymes are peroxidases that reduce also hydrogen peroxide, and

other compounds as organic hydroperoxides and peroxynitrite °.

1.2.1.2.  Non-enzymatic antioxidants

Non-enzymatic antioxidants act as scavengers or chelating agents
without enzymatic reactions. These molecules are categorized as metabolic
antioxidants (such as lipoid acid, glutathione, L-arginine, coenzyme Q10,
melatonin, uric acid, bilirubin, transferrin, etc.) or nutrient (dietary sources)-based

(such as vitamin E, vitamin C, carotenoids, flavonoids, omega-3 and omega-6 fatty
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acids, etc.) antioxidants’’. Some of these non-enzymatic antioxidants are

described below:

1.2.1.2.1. Glutathione (GSH)

Glutathione is a tripeptide (gamma-glutamylcysteinyl glycine) that can
react with both oxidizing and electrophilic species (such as ROS). In addition, GSH
can detoxify many drugs and xenobiotics and, as described above, is a cofactor
for a GSH peroxidase family of enzymes. Reduced/oxidized glutathione

(GSH/GSSG) ratio is used as a marker of cellular redox state level**.

1.2.1.2.2. Vitamin E

Vitamin E is an antioxidant soluble in fats that prevents cell membranes

from ROS damage such as peroxyradicals in fatty acids oxidation .
1.2.1.2.3. Vitamin C

Ascorbic acid or vitamin C is a water-soluble antioxidant that plays a role
in free radical scavenging by electron transfer. Moreover, it is a cofactor for some

enzymes that have a role in the antioxidant defence *°.

1.2.1.2.4. Ubiquinone

Coenzyme Q10 or ubiquinone acts as an electron carrier in its central
function in the electron transport chain. Furthermore, coenzyme Q10 act as a free

radical-scavenging antioxidant.

1.2.2. Oxidative stress and neuropathy

Reactive species of oxygen and nitrogen are also implicated in many
pathophysiological disorders and diseases as diabetes®, obesity, cancer,

133 Oxidative damage can

cardiovascular diseases and neurodegenerative diseases
result as a consequence of increased ROS and RNS production or decreased protection
systems. Contribution of oxidative stress in neurodegenerative initiation and
progression is under discussion, due to vulnerability of nervous system to ROS and RNS
because of the elevated metabolic rate, its low efficient mechanisms of oxidative

defence, and its decreased levels of cellular turnover. As main source of ROS,

mitochondria defects or alterations in the correct function of electron transport chain
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cause increased ROS. Mitochondrial DNA (mtDNA) is an easy target for ROS due to the
lack of protective histones in mtDNA together with reduced repair capacity. Moreover,
to maintain polarity of highly polarized neurons normal mitochondrial dynamics are
required® , and disturbances on this pathway seems generate oxidative stress, aging
and neurodegeneration®. Mitochondrial disorders with neurological deficits or
degeneration (such as Friedreich’s ataxia, and Leigh Syndrome *’) and most common

3 show

neurodegenerative diseases as Alzheimer disease and Parkinson disease
mitochondrial dysfunction and oxidative stress, representing one of the most common
features in neurodegenerative diseases.

On the other hand, antioxidant defence systems are altered in
neurodegenerative diseases. Overexpression of CuZnSOD in neuroblastoma cells has
shown less susceptibility to beta-amiloid neurotoxicity >, and also mutations in this
protein are involved in amyotrophic lateral sclerosis (ALS) and Friedreich’s ataxia >**°.
Alzheimer models of neurodegeneration have demonstrated a neuroprotective role
of catalase *!. Thioredoxin overexpression has showed a neurotoxicity protection in
Drosophila model of Machado—Joseph disease and a suppressor activity of a substrate
of the E3 ubiquitin ligase implicated in Parkinson disease **. Moreover, thioredoxin has
decreased levels in fibroblasts from patients of Lafora disease ** and has a close
relationship with the proteasome that has decreased levels of activity in this
neurodegenerative disease™ in Alzheimer’s disease *°, and in Parkinson’s disease °.
In addition, glutathione levels are important to avoid oxidative stress and
neurodegeneration in brain®’ . In Friedreich’s ataxia fibroblasts, it has been found
decreased levels of GSH*. Furthermore, in another neurodegenerative disorder such
as ataxia with vitamin E deficiency decreased levels of GSH were also found.
Reinforcing this idea of oxidative stress in neurodegenerative disorders, studies
performed in animal models of neurodegenerative diseases have demonstrated that
supplementation with vitamin E delays neurodegeneration, although it was not

demonstrated in human studies*°.

As occurs for vitamin E, the neuroprotective
antioxidant role of vitamin Cis described in neurodegenerative animal models but not
in human studies . Finally, coenzyme Q10 is demonstrated to be neuroprotective in
several studies including clinical studies of a diverse neurodegenerative disorders,

such as Huntington disease °* and Parkinson disease’>.
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1.3. Charcot-Marie-Tooth disease

-28 -

In 1886, the same neurological syndrome was described for the first time by
Charcot and Marie in Paris, and Tooth in England. They described this disorder as a
hereditary syndrome which most common features include: skeletal deformities,
progressive distal muscle wasting and weakness, and attribution to a peripheral nerve
disorder. Nowadays, this neurological syndrome is known as Charcot-Marie-Tooth
(CMT; ORPHA166) the most common hereditary neuropathy and with diverse
prevalence in different populations and regions: 82.3 cases per 100,000 population in
Norway>*, 10.8 per 100,000 in Japan® or 18.1 per 100,000 in UK>®.

CMT disease contains a heterogeneous group of disorders with similar clinical,
neurophysiological, genetic and pathological features. More than 75 genes have been
described to be associated with CMT and other related neuropathies . Classically
CMT has been categorized by motor nerve conduction velocities (NCVs) in CMT1, a
demyelinating form with symmetrically more decreased NCV (<38m/sec) than normal
(>45m/sec); CMT2 an axonal form with normal, or slight decreased, NCV that shows
loss of myelinated axons 8 Athird (Intermediate CMT) form that shows axonal and
demyelinating features and intermediate NCVs is currently recognized *°. Based on
the inheritance pattern and molecular genetic defects, additional subdivisions of CMT
disease could be done. CMT can present autosomal dominant (AD) inheritance,
autosomal recessive (AR) inheritance or X-linked inheritance. AR forms of CMT1 are
sometimes called CMT4 and those forms of CMT2 are frequently referred to as AR-
CMT2. AD and AR of intermediate CMT have been respectively named CMTDI and
CMTRI. Finally, those CMT forms with X-linked inheritance are known as CMTX. Mathis
et. al. have recently proposed a modification of nomenclature of CMT and related
disorders. This new version takes into account inheritance patterns, primary
pathological phenotype (axonal, demyelinating, or intermediate) and causative gene

defects *° (Table 2).
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Table 2. New classification of Charcot-Marie-Tooth disease. (adapted from Mathis et. al. 60,' AD: autosomal
dominant, AR: autosomal recessive, de: desmyelinating, ax: axonal, in: Intermediate, XL: x-linked inheritance).

CMTde
AD-CMTde

AR-CMTde

CMTax

AD-CMTax

Proposed denomination

AD-CMTde-PMP22dup
AD-CMTde-PMP22
AD-CMTde-MPZ
AD-CMTde-LITAF
AD-CMTde-EGR2
AD-CMTde-NEFL
AD-CMTde-FBLNS

AD-CMTde-GJB3
AD-CMTde-ARHGEF10
AR-CMTde-GDAP1
AR-CMTde-MTMR2
AR-CMTde-SBF1
AR-CMTde-SBF2
AR-CMTde-SH3TC2
AR-CMTde-NDRG1
AR-CMTde-EGR2
AR-CMTde-PRX
AR-CMTde-HK1
AR-CMTde-FGD4
AR-CMTde-FIG4
AR-CMTde-CTDP1
AR-CMTde-SURF1

AD-CMTax-MFN2
AD-CMTax-RAB7
AD-CMTax-TRPV4
AD-CMTax-GARS
AD-CMTax-AARS
AD-CMTax-MARS
AD-CMTax-HARS
AD-CMTax-NEFL
AD-CMTax-HSPB1
AD-CMTax-HSPB8
AD-CMTax-GDAP1
AD-CMTax-MPZ

Gene

PMP22 (duplication)
PMP22

MPZ

LITAF

EGR2

NEFL

FBLNS

GJB3/Connexin 31
ARHGEF10
GDAP1

MTMR2
SBF1/MTMR5
SBF2/MTMR13
SHTC2/KIAA1895
NDRG1

EGR2

PRX

HK1

FGD4
FIG4/KIAA0274/SAC3
CTDP1

SURF1

MFN2

RAB7

TRPV4

GARS

AARS

MARS

HARS

NEFL
HSPB1/HSP27
HSPB8/HSP22
GDAP1
MPZ/PO

Chromosome

17p12
17p12
19233
16p13.3
10021.3
8p21.2
14032.12

1p34.3
8p23.3
8p21.11
1121
22913.33
11p15.4
5032
8024.22
10g21.3
19q13.2
10022,1
12p11.21
621
18423
9934.2

1p36.22
3g21.3
12q24.11
7p14.3
16022.1
12q13.3
5031.3
8p21.2
7q11.23
12q13.3
8g21.11
19233

MIM

118220
118300
118200
601098
607678
607734

608236
214400
601382
615284
604563
601591
601455
605253
614895
605285
609311
609390
604168

609260
605588
606071
601472
613287
616280
607684
606595
608673
607831

607677/
607736

Denomination

CMT1A
CMT1E
CMT1B
CMT1C
CMT1D
CMT1F

SNCV/CMT1
CMT4A
CMT4B1
CMT4B3
CMT4B2
CMT4C
CMT4D
CMT4E
CMT4F
CMT4G
CMT4H
CMT4)
CCFDN

CMT2A2
CMT28B
CMT2C
CMT2D
CMT2N
CMT2U
CMT2E
CMT2F
CMT2L
CMT2K

CMT21/CMT2)
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AR-CMTax

CMTin

AD-CMTin

AR-CMTin

XL-CMT

-30-

AD-CMTax-DNM2
AD-CMTax-DYNCIH1
AD-CMTax-LRSAM 1
AD-CMTax-DHTKD1
AD-CMTax-TRIMZ2
AD-CMTax-VCP
AD-CMTax-TFG
AD-CMTax-KIFSA
AD-CMTax-mtATP6
AD-CMTax-Unknown
AR-CMTax-LMNA
AR-CMTax-MED25
AR-CMTax-GDAP1
AR-CMTax- IGHMBP2
AR-CMTax- C120RF65
AR-CMTax- HSJ1

AD-CMTin-DNM2
AD-CMTin-YARS
AD-CMTin-MPZ
AD-CMTin-INF2
AD-CMTin-GNB4
AD-CMTin-NEFL
AD-CMTin-Unknown
AR-CMTin-GDAP1
AR-CMTin-KARS
AR-CMTin-PLEKHG5
AR-CMTin-COX6A1
XL-CMTin-GJB1
XL-CMTde-GJB1
XL-CMTax-GJB1
XL-CMT-AIFM1
XL-CMT-PRPS1
XL-CMT-PDK3
XL-CMT-Unknown

DNM2
DYNC1H1
LRSAM1
DHTKD1
TRIM2
VCP

TFG
KIFSA
mtATP6
Unknown
LMNA
MED25
GDAP1
IGHMBP2
CI1I20RF65
HSJ1

DNM2

YARS

MPZ/PO

INF2

GNB4

NEFL

Unknown

GDAP1

KARS

PLEKHGS5

COX6A1
GJB1/Connexin 32
GJB1/Connexin 32
GJB1/Connexin 32
AIFM1

PRPS1

PDK3

Unknown

19p13.2
14032.31
9g33.3
10p14
4g31.3
9p13.3
3g12.2
12q13.3
12912q13.2
1922
19q13.33
8g21.11
11q13.3
12024.31
2035

19p13.2
1p35.1
19233
14032.33
3026.33
8p21.2
10024.1-925.1
8p21.2
16023.2
16023.1
1p36.31
Xq13.1
Xq13.1
Xq13.1
Xq26.1
Xq22.3
Xq22.1
Xq22.2

606482
60012
614436
615025
615490
604436
604187
608591
605588
605589
607731
616131
616155
604139

606482
698323
607791
614455
615195
606483
608340
613641
615376
616039
302800
302800
302800
310490
311070
300905
302801

CMT2M
CMT20
CMT2P
CMT2Q
CMT2R

HMSNP
SPG10
CMT2G
CMT2B1
CMT2B2
CMT2H
CMT2S
SPG55
CMT2T

CMTDIB
CMTDIC
CMTDID
CMTDIE
CMTDIF
CMTDIA
CMTRIA
CMTRIB
CMTRIC
CMTRID
CMTX1
CMTX1
CMTX1
CMTX4
CMTX5
CMTX6
CMTX2
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1.3.1. Clinical features of Charcot-Marie-Tooth disease

The clinical phenotype of Charcot-Marie-Tooth disease is quite homogenous,
despite of mutations in many different genes involved in several functions: axonal
transport, cytoskeleton elements, gap-junctions forming proteins, transcription
factors, heat shock proteins, mitochondrial dynamics, energy production, proteins of
myelin, nuclear envelope, amino acid processing, etc. (Summarized in Figure 3). An
incorrect function of these proteins generates an axonal degeneration that is

dependent of the axon length o1,

Nucleotid biosynthesis Nuclear envelope Rho GTPase signalling Intracellular transport,
(PRPS1) (LMNA) (PLEKHGS, ARHGEF10, endosomes
FGD4) (SH3TC2, RAB7)

Heat shock proteins
(HSPB1, HSPBS,
HSJ1)

Protein degradation
(LRSAM1, TRIM2,
GAN)

Transcriptional regulation
(EGR2, SOX10, SETX)

Myelin proteins
(PMP22, MPZ, Cx32)

Sphingolipid
biosynthesis
(SPTLC1, 2)
Phosphoinositide
metabolism

(MTMR2, SBF2)
Amino acid processing
(GARS, YARS, AARS,
MARS, KARS)

ER membrane shaping  Cytoskeleton Axonal transport Mitochondrial dynamics i i ;
(FAM134B, ATL1, (NEFL, Gigaxonin) (DCTN1, DYNC1H1) (GDAP1, MFN2) :E;g)a(ogl;l;;? atrix interaction
ATL3, TFG, BSCL2) Energy production

(DHTKD1, PDK3, AIFM1

HK1)

Figure 3. Phatomechanisms proposed of genes involved in Charcot-Marie-Tooth disease. Figure shows genes
involved in physiopathology of CMT °

Patients affected with this disorder show wasting and weakness of distal limb

muscles, produced by length-dependent degeneration of nerves. This motor

impairment with atrophy and weakness starts in intrinsic foot muscles and

progressively ascends to legs muscles. Legs show the typical inverted champagne

bottle appearance but foot drop and steppage gait (in which the patient must lift the

leg in an exaggerated way to move the foot) are the first signs observed, followed by

weakness of foot plantar flexors. Next step of impairment is lower third of the thigh

and hand muscles, and later to the forearms. Claw hand, or as said in French “main en
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griffe” is the most common deformity which appears in the progression of Charcot-
Marie-Tooth phenotype. Itis rare in CMT proximal muscle weakness, and only appears
in the most severe patients 2862

Sensory loss, as in motor impairment, involves at the beginning feet and legs and
later hand and deep tendon reflexes, also with a pattern of length-dependence.
However, signs are less obvious than motor ones, and are often subtle. It is common
to find loss of touch sensation, vibration and pain. Affection of upper limbs is less
frequent and less severely affected®®®*°*. Skeletal deformities are present in CMT in
more than 66% of all patients, and are characterized by “pes cavus” with hammer toes,
whereas scoliosis is less common. Finally, muscles clamps, cold feet, acro-cyanosis are
also recurrent complains®*®°.

Severity of the disease is extremely variable, some patients may show significant
disabilities, and meanwhile other may be minimal or even oblivious. Although the
disease onset usually arises during the first decades of life, the course of the disease
is very slow and extends over decades °*.

CMT1A is the most common hereditary neuropathy, thus it is the best

62:6406%8 ' CMT1A patients show a relatively

characterized of all subtypes of CMT
benign classical phenotype compared with other subtypes remaining ambulatory the
rest of their life. Nevertheless, a broad diversity of severity is shown in this subtype of
CMT. Some patients show delayed motor nerve conduction velocities and severe
skeletal deformities (pes cavus, scoliosis, etc.), which progress to important proximal

63,64,67
.On

weakness, that need walking aids, or can become chairbound in rare cases
the other hand, normal or near to normal life with slightly or absent symptoms have
been reported in other patients. In addition, Garcia et. al. reported that identical twins
with CMT1A showed important differences in severity. It is unknown why this clinical
variability for CMT with the same mutation occurs®®, probably genetic modifiers or
epigenetic events could explain the differences between endophenotypes. In CMT1A
disease onset appears during childhood or adolescence, showing pes cavus or planus,
lower-limb areflexia, and wasting and weakness of intrinsic foot muscles followed by
peroneal and anterior tibialis muscles. Slight impairment of hand is presented in the

first phases of disease and progresses gradually. It is not clear if the progression is

constant or associated with age, but it seems that might be slower in adolescence®’,
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meanwhile in older patients the progression is faster®”. Since infancy, abnormalities in
electrophysiology can be detected, observing slower NCVs than normal at 2 years.
However, there is not subtle distinction in NCV’s after childhood and these do

67,70

not correlate with severity of disease””’". Reduced motor amplitudes of compound

muscle action potential occur in first stages. This fact and the loss of motor units are
correlated with clinical impairment, indicating that axonal loss causes weakness, and

not reduced conduction velocity (Figure 4)°.

Normal Neuropathy

Internode

Node

Demyelinated

&
€

Figure 4. Changes in Charcot-Marie-Tooth disease 1 physiopathology in an overview schema. Internodes of myelin

are disappeared and replaced by one or more new internodes with a decreased length, whereas some regions of
the axon let demyelinated”.
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1.3.2. PMP22 gene

The most common neuropathy, CMT1A, is usually caused by heterozygous
inheritance of 1.4 mega base duplication on chromosome 17p11.2-p12 that includes
PMP22 gene. PMP22 is located in chromosome 17912 of human genome and consists
in six conserved exons with an extension of 40-kb (Figure 5) that encode for peripheral
myelin protein 22 Kda (PMP22). Exons 1a and 1b are alternatively transcribed to form
the first exon of the gene and generates two different transcripts’? that only differ in
5’untraslated regions and their distribution of tissues: exon 1a has been detected
predominantly in the sciatic nerve, in contrast exon 1b has been found in brainstem,

spinal cord, skeletal muscle, heart, and sciatic nerve in mouse 73,74

. Altogether exon 2
to 5, without considering the alternatively exon transcriptions mentioned above,
comprise the coding region: transmembrane domain is encoded by exon 2, followed
by the first extracellular loop encoded by exon 3, next exon 4 encodes the second and
half of the third transmembrane domains, and finally exon 5 encodes the rest of third
transmembrane domain, second extracellular domain, the fourth transmembrane

domain, and the 3’ untranslated region’*".

-
N

-~

,,,,,

Exon 1a Exon 1b Exon 2 Exon 3 Exon 4 Exon 5

Figure 5.

Schematic representation of PMP22 gene structure. Representation of six exons that contains human

PMP22 gene. Untranslated regions are showed in green and coding region are showed in orange. (based on an
original figure provided by Li et. al”®).

It has been found a TATA-box-like DNA element in the P1 and P2 promoters of
PMP22 with an island of high content of GCs. In addition, two sites between -1,600
and 2,100 bp of PMP22 are found to interact with cAMP response element binding
(CREB) protein, generating PMP22 promoter silencing. Moreover, in this region there
is a site for sterol regulatory element binding (SREB) protein, which enhances PMP22

77 Flanking PMP22 there are two homologous

transcription with steroid hormones
DNA sequences, that are the source of CMT1A mutation. Their elevated degree of

homology encourages imbalanced crossing over during meiosis, consequently a
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duplicated and a deleted allele is generated®. The inheritance of a deletion that
includes PMP22 is usually the cause of hereditary neuropathy with liability to pressure
palsies (HNPP)®'. In addition to gene duplications and deletions, more than 40
different PMP22 mutations cause amino-acid substitutions (missense mutations),
premature stops (non-sense mutations) or frameshifts (Figure 6). For example, a
missense mutation generates another hereditary neuropathy similar to CMT1A, but

more severe, denominated Dejerine-Sottas syndrome (DSS)®.

1.3.3. PMP22 structure

First structure of PMP22 based in sequence of amino acid showed three putative
transmembrane domains with one N-glycosylation site. In addition, N terminus is
embedded in the membrane, and both C terminus and the N-glycosylation site are
intracellular®®. Latter, a novel structural prediction models includes a new
transmembrane region at the end of protein structure’?. One of them also suggests
that first and fourth transmembrane domains of the previous model are inside of de
membrane, but second and third domains are outside of the lipid bilayer®®. There are

many models for PMP22 structure, however N-glycosylation site at Asn 41 has been

83,85-87 88

established in several studies D’Urso et. al. confirmed intracellular
localization of N and C termini and also, they discovered that PMP22 has two
extracellular loops. Extracellular loop 1 may mediates a homophilic interaction of two
PMP22 proteins, whereas extracellular loop 2 may mediate heterophilic interaction of
PMP22 and MPZ®. Figure 6 shows a recent model of PMP22 structure, which shows
four transmembrane domains with two extracellular domains and one intracellular
domain’. In addition, extracellular loops in PMP22 protein have seven putative metal

ion-coordinating sites that may explain the PMP22 ability to bind zZn(11)*°.
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Figure 6. Predicted structure of human PMP22 protein. Schematic representation of PMP22 intracellular,

extracellular, and transmembrane domains. Bubbles shows substituted amino acids in Charcot-Marie-Tooth

disease 1 (CMT1) and Dejerine-Sottas syndrome (DSS) in red, and hereditary neuropathy with liability to pressure
palsies (HNPP) in black 7

Upregulated levels of PMP22 were observed during axonal contact in

85,91 Nevertheless, as it is above-mentioned, PMP22 should

myelinating Schwann cells
have regulated levels in order to maintain them in a narrow range and avoid
developing inherited neuropathies caused by reduced or increased PMP22 levels. New
PMP22 proteins, as a membrane protein, are kept in endoplasmic reticulum (ER) and
Golgi compartments in order to perform translational modifications. N-linked
glycosylation in PMP22 precursor of 18kDa before getting the plasma membrane has

87,92

been showed in Schwann cells®"”*. This glycosylation of PMP22 protein may prevent

the degradation of proteins and subsequent transport to the cell surface.

1.3.4. PMP22 function

Myelin is a specialized cell membrane, with multi-layer spiral structure, that
ensheathes axons that are larger than 1 um in diameter. Schwann cells create the
myelin sheath in the PNS and oligodendrocytes in CNS. This structure reduces the

electrical current conduction across the membrane in internodes, enhancing the
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process of saltatory conduction in which nerve impulses jump between nodes of
Ranvier. Myelin sheath has two areas, compact and non-compact, which contain
unique proteins. The compact region contains myelin structural proteins PMP22, PO
(Encoded by MPZ), and myelin basic protein. Also, cholesterol, sphingolipids, some
lipids more specialized like galactocerebroside and sulfatide (sulfated
galactocerebroside) are found in this region. The non-compact region is subdivided in
two regions: paranode region which contains loops of Schwann cells membrane and
proteins such as Cx32, the major gap-junction protein in myelin, myelin associated
glycoprotein (MAG), neurofascin 155, and axonal proteins Caspr and Conactin can be
found; and in juxtaparanodal region two proteins expressed by axons, potassium
channels and Caspr2 protein, can be located””.

PMP22, as a part of compact region of myelin, has a structural role in the sheath
of myelin and it is involved in early myelination steps. PMP22 is necessary for the
correct development of peripheral nerves, axon maintenance and stability and width
of myelin sheath®. Interaction of PMP22 with PO/MPZ protein and the gene-dosage
sensitivity of both proteins agree with the hypothesis that precise stoichiometric
amount of two proteins are required to correct myelination®.

In addition to the structural role of PMP22, Schwann cell-extracellular matrix
interactions are important to explain the proposed functions of PMP22 in the

regulation of cell spreading, cell migration, and apoptosis”®’

. PMP22 is expressed on
the surface of Schwann cells in the first phases of myelination with b4 integrin, and
can be co-immunoprecipitated with laminin and a6 integrin®®. Furthermore, epithelial
membrane protein-2, a close homologue of PMP22% interacts with R1 integrins and

19 Flevated or inexistent PMP22 levels are observed in a wide

regulates adhesion
number of Schwann cell-axon profiles showing loss of lamina®. Proteolipid protein 1
(PLP1) may regulate myelination by interaction with integrins, which form a
complex™® and integrin signalling seems to be crucial for the correct myelination of
axons'%. These facts indicate that PMP22 may be a partner in integrin/laminin
complex and act as a mediator in Schwann cells and extracellular matrix interactions.

Other possible function for PMP22 may be as mediator of ubiquitin-proteasomal
activity. When PMP22 are synthetized, almost all are poly-ubiquitinated and quickly

degraded by the proteasome, whereas only a little portion are assembled in plasma
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103-105

membrane of Schwann cells . Overexpression of PMP22 leads to formation of

aggregates or “aggresomes”'®*

of dimers or multimers of ubiquitinated PMP22
proteins. Aggresomes are associated with autophagosomes and lysosomes, indicating
an activation of autophagy as a compensatory response to decreased proteasomal

1% In the same way, impaired proteasomal function can lead to the formation

activity
of aggresomes of PMP22. These aggresomes might alter cell differentiation and cell
death, however they might also confer protection by sequestration of toxic
proteinslm.

PMP22 interacts also with the chaperon protein calnexin in the endoplasmic
reticulum. Punctual mutations in PMP22 increase the association with calnexin that
might collaborate in the pathophysiology of CMT disturbing control of the protein

% |n addition, transgenic mice with decreased calnexin function

folding pathway
generate characteristics of motor disorder®.

Finally, PMP22 has some similarities in the primary amino acid sequence with
the claudin family of tight junction proteins, and has been involved in the development

97,110

of blood-nerve and blood-brain barrier at intercellular junctions.

1.3.5. Biomarkers in Charcot-Marie-Tooth

As described in previous sections, CMT present a heterogeneous phenotype and
a wide range of genetic alterations and genes implicated. In addition to this facts,
childhood-onset, different progression and severity of CMT patients, and the lack of a
treatment for this hereditary neuropathy enhance the need to find new biomarkers of
diagnostic, prognostic, and monitoring of therapeutic effects in clinical trials. These
new biomarkers of disease are considered genomic polymorphisms and variants, RNA
expression profiles (including miRNAs), proteomic signatures in tissues, metabolomics
patterns and molecular structural images. Furthermore, they should improve the
clinical scales, such as the “Charcot-Marie-Tooth Neuropathy Score” (CMTNS)'** used
currently in order to evaluate the disease severity.

Nowadays, a new assay of the proximal sciatic nerve called magnetization
transfer ratio assay, and based in magnetic resonance imaging was described as a

biomarker of myelin content in CMT patients'™®. New studies try to find new
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biomarkers for clinical trials monitoring mRNA expression levels from skin biopsies of

CMT1A patients ™.

1.4. Friedreich's ataxia

In 1863, a German pathologist from Heidelberg called Nikolaus Friedreich
described for the first time a new disease of spinal cord. Nevertheless, the inheritance
nature of the disease was assigned in 1876, and it was 120 years after when the
genetic defect that triggers Friedreich Ataxia (FRDA; OMIM 229300) was discovered:
an expansion mutation of guanine-adenine-adenine (GAA) repeats in the first intron
of frataxin gen (FXN), which produces a decreased expression of the FXN protein®**.
This mutation observed in gene encoding FXN protein permitted the confirmation with
a genetic diagnosis, and opened a new scientific field with FRDA as a model disorder.
GAA repetitions are localized within an AluSx sequence, and this insertion, probably
caused by a retroviral insertion, is present in FXN gene of higher primates such as
Orangutans, Gorillas, and Chimpanzees'*”.

FRDA commonly occurs in Caucasians, is rare in Sub-Saharan populations and

very rare in the Eastern countries'***’

. Prevalence in Caucasians is 2-5 per 100,000
people, but recent demography studies of published literature show that FRDA
prevalence in Europe shows big regional differences. The existence of a gradient of
prevalence from a 5 per 100,000 people in south-west (North of Spain, south and
middle of France), and west (Ireland) of Europe to low levels of 1 per 250,000 or lower
in north (Scandinavia) and east of Europe (East Germany, east of Austria, Czech
Republic, Russia), can explain the regional differences in Europe*®.

There is no cure for FRDA just therapies that may cause a symptomatic effect
resulting in improvement of symptoms and/or may interfere with the disease
pathogenesis leading to a decreased progression of disease.

Different clinical ataxia rating scales have been described such as the Friedreich
Ataxia Rating Scale (FARS), the International Cooperative Ataxia Rating Scale (ICARS),
and the Scale for the Assessment and Rating of Ataxia (SARA)MP 1Al of them

measure motor aspects of cerebellar dysfunction including ataxia of stance, gait and

limbs.
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1.4.1. Clinical features of Friedreich’s ataxia

Friedreich’s ataxia is the most common hereditary ataxia, with elevated
differences in symptomatology between individuals and within families. Instability of
the GAA expansion size is approximately responsible of 50% of variability of disease

onset'?

. The typical age of onset for FRDA is late in the first decade or early in the
second decade of life. However, late-onset cases, with symptoms detectable after 25
years of age, have been described, and symptoms are hardly shown as late as the sixth
or seven decades **°.

Neurological features of gait and limb ataxia, lower limb areflexia and dysarthria
are observed in almost all cases. A mixed origin of ataxia results from spinocerebellar
degeneration, peripheral sensory neuropathy, cerebellar and vestibular pathology,
and the posterior adding of the pyramidal disabilities '**. As a consequence of this
mixed origin, mild cerebellar atrophy with loss of the dentate nucleus and its efferent
fibres causing superior cerebellar peduncle atrophy can be observed. In addition,
dorsal root ganglia show less size, the dorsal spinal roots are thin and grey, and the
dorsal columns show an important atrophy generating a spinal cord calibre lower than

d***. Normal or

normal. Spinocerebellar and corticospinal tracts are also decrease
minimally disturbed brainstem and cerebellum are shown in the early phases of the
disease; nevertheless, superior vermis and medulla oblongata are affected in latter
stages of the disease™®. There is a progressive dependence on aids to walking, and
also limb ataxia generates daily activities impairments that need fine dexterity*?’.
Lower limbs show more obvious pyramidal weakness, a relatively late feature, than
upper limbs, preserving normal power of the latter in almost all patients even when

127

they need a wheelchair *“". An early sign presented by practically all patients is

128 severe

arreflexia predominantly in lower limps and slightly reduced muscle tone
axonal neuropathy with an important affection of sensory action potentials, are
showed in neurophysiological studies. In addition, large myelinated fibres proportion
are increased in peripheral nerves biopsy, and last, both findings correlate with GAA
expansion size 129,

Eye movements abnormalities such as square wave jerks (SWJs) which are

characterized by fixation instability interrupted by involuntary saccades, are an early
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feature in FRDA patients, and other less common ophthalmic sing is decreased visual

130

acuity. However, visual system impairments are relatively rare ~>°. Dysarthria and

dysphagia, and also hearing difficulties are common symptoms that produce severe
disabilities™""**.

Other non-neurological features are related with Friedreich’s ataxia. Cardiac
complications are found very often in FRDA patients, and rarely observed before
neurological features. Hypertrophic cardiomyopathy or evidence of left ventricular
hypertrophy was found in large number of cases and confirmed by cardiac magnetic
resonance imaging. However, there is no correlation between cardiac complications
and neurological severity™>. Also, diabetes mellitus by insulin resistance of peripheral
tissues and/or decreased insulin secretion resulting from dysfunction of pancreatic

134

beta cell are associated with FRDA™™. Finally, skeletal malformations such as scoliosis,

and foot abnormalities (pes cavus and talipes equinovarus) are observed in FRDA

patient5128'135.

1.4.2. Frataxin gene (FXN)

The majority of FRDA patients are homozygous for an unstable guanine-
adenine-adenine (GAA) expansion in the first intron of FXN gene that localizes in
chromosome 9g21.11 producing decreased protein levels of frataxin. Less common
are patients with the GAA expansion in one allele and a punctual mutation in the other
allele. Normal alleles have less than 36 GAA repetitions, whereas more than 36
repetitions conduce to pathogenic expansions. In FRDA repetitions fluctuate from 44
to 1,700 repetitions (Figure 7a) *%.

Seven exons make up frataxin gene (exons 1-4, 5a, 5b and 6). Five of them
(transcript of 1.3kb from exon 1 to exon 5a) encode for frataxin protein isoform A.
There are two more isoforms, (isoform B and B1) encoded by alternative transcripts
that contain exon 5b instead of 5a with or without non-coding exon 6. Unmethylated
CpG islands containing rate restrictions sites are found in 5’end plus of the first exon
of the gene ™. The promoter of this gene is located in the 1255-bp region extending

5" of Human FXN open reading frame. There is not TATA sequence, but many repetitive

retroelements (Alulb, AluY and L2) and mammalian-wide interspersed repeats (MIR)
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136137 are found. Another promoter modulator

that act as enhancers of the promoter
is an E-box element that can bind to helix-loop-helix family transcription factors such
as muscle-specific factor (MyoD)"’. Other regulator of frataxin expression may be
iron, since deferoxamine (an iron chelator) reduces frataxin expression and also hemin

138,139
=, Four

or ferric ammonium citrate produce elevated expression of frataxin
binding sites for serum responsive factor (SRF; important for neuronal development),
transcription factor AP2 (TFAP2; implicated in neural-crest development), CCCTC
binding factor (CTCF), and early growth response protein (EGR3) are found in FXN gene
promoter (Figure 7b)"%**,

Unusual structures such as intra-molecular triplex, sticky DNA or RNA-DNA
hybrids formed by GAA expanded repeats are detected in vitro. In addition, marks of
condensed heterochromatin (such as methylation of specific CpG sites, reduction of
acetylation levels of histone H3 and H4, and increased levels of tri-methylation of
histone H3 in Lys 9) are found in the FXN promoter and intron regions flanking the

GAA repeat expansions. These data suggest that both processes may be implicated in

frataxin gene silencing™**.
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Figure 7. Frataxin gene. a) Schematic representation of FXN gene. Exon 1, 2, 3, 4, and 5a exons (shown in green)
encode frataxin protein. Alternative transcripts that includes exon 5b instead of exon 5a, with or without exon 6
(shown in yellow and orange, respectively) encodes less common isoforms of frataxin. b) Schematic representation
of 5’end of frataxin gene. Interspersed repeated sequences are indicated by black outlined rectagles. Arrows
indicates binding sites localization of activator protein 2 (AP2), serum response factor (SRF), an early growth
response protein 3 (EGR3)-like factor, CCCTC-binding factor (CTCF), and an E-box binding protein. (TSS1 and TSS2,
transcription start site 1 and 2; pr, promoter; modified from Kumari et. al.) "

1.4.3. Frataxin structure

Frataxins are small acidic proteins (between 100 and 220 amino acids) highly

conserved in most organisms from bacteria to mammalians*****

. In humans, due to
alternative splicing there are 3 different isoforms (Figure 8a). In addition, a precursor
of 210 amino acids and 23kDa of human frataxin is synthesized in cytoplasmic
ribosomes and imported to mitochondria thanks to mitochondrial import sequence.
The mitochondrial processing peptidase (MMP) performs a process of maturation in
two steps in order to eliminate the import sequence. The maturation process consists
in a successive generation of intermediate form of 19kDa (42-210 amino acids) and a

mature form of 14kDa (81-210; figure 8a)*****’. Once the maturation of frataxins

proteins are done, they are localized in mitochondrial matrix**%.
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1

1

Frataxin

42 56 81 210
G 23 kDa

Precursor 210
G 19 kDa

42 Intermediate 210
G, 17 kDa

56 m56 210

Folding of frataxin consists in a large, twisted, five-strand R—antiparallel sheet,
flanked by N- and C-terminal a helices (a1l and a2) and a sixth (and a seventh in human
frataxin) R-strand that intersects the planes to generate an a- 8 sandwich structure
motive (Figure 8b). An area of negatively charged residues on the helical plane of
frataxin are presented, which may be iron-binding sites™, Protein-protein
interactions can be achieved through mostly uncharged surface of R-sheets. In vitro
structural studies of frataxin show that this protein assembles into trimers, hexamers
and multimers, nevertheless it is not clear if these structures are present in vivo,

neither their functional relevance. The most abundant products seem to be the

150

monomeric form of frataxin (81-210 amino acids)

G 14.5 kDa
78 m78 210

G 14.2 kDa
81 m81 210

Figure 8. Human frataxin structure. a) Different frataxin forms. Three described mature isoforms: m56 (56-210
amino acids), m78 (78- 210 amino acids), and m81 (81-210 amino acids). The precursor (1-210 amino acids) and
the intermediate (42-210 amino acids; image obtained from Marmolino)m. b) Frataxin structure showing a helices
and a seventh stranded B-antiparallel sheets.
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The conserved residues in frataxin among different species, suggest the
importance for structural and/or functional role regions. Parts of hydrophobic core
contains conserved buried residues that seem to be important for folding, and those
conserved residues that localize on the surface of the protein are associated with
protein function. FRDA patients with a point mutation on frataxin on one allele and a
GAA expansion on the other, result in mutations like 1151F, W155R, G130V, and
D122Y"?,
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Frataxin is expressed in all cells, but there are different FXN mRNAs and frataxin
levels depending on the tissue, in almost all cases correlating with those affected in
FRDA patients. In humans, heart and spinal cord shows highest levels of expression,
whereas in cerebellum, liver, skeletal muscle and pancreas lowest levels of expression

114
d

are foun . Dorsal root ganglia express high levels of frataxin, and are the most

vulnerable neurons, therefore showing decreased levels of frataxin.

1.4.4. Frataxin function

The principal function of frataxin is not clear yet, however the early lethality in
embryos of FXN knock-out mice remarks the notable importance of frataxin function
in cell survival >*. Several roles have been assigned to frataxin: first, hypothetical
function for frataxin was suggested by Isaya’s laboratory when they described the iron
binding and aggregate formation of yeast homolog of frataxin (Yfh)"™* . This facts
were supported by the detection of iron deposits in hearts from FRDA patients™®.
However, this does not seem the main function of frataxin, because these aggregates
cannot be observed in human frataxin and it only precipitates under a large excess of

149

iron~". In addition, it was observed that the aggregates formation did not seem to be

essential when frataxin acts as an iron chaperon during the iron-sulfur cluster or heme

157

assembly More evidences were observed for Fe-S cluster assembly function of

frataxin. Both hscA and hscB proteins involved in Fe-S clusters in proteobacteria have

18 Moreover, a mouse model

identical phylogenetic distribution with the FXN gene
for heart cardiomyopathy of FRDA suggest an involvement of frataxin in Fe-S cluster
19 and with deficiencies in mitochondrial complexes |, Il, Il and aconitases, enzymes
that have an iron-sulfur (Fe-S) cluster, have been described in FRDA patientslGO. Fe-S
cluster are found in mitochondria (i.e. several subunits of respiratory complexes,
Aconitase, Ferrodexin, Ferrochelatase, the molybdenum cofactor synthesis enzyme
MQOCS1a, and the membrane associate protein of unknown function MitoNEET),

151

cytosol, and nucleus . Both yeast and human frataxin are found as Fe-S cluster

assembly complex binding proteins '°* 1%

. This complex is composed by the cysteine
desulfurase NFS1 and its accessory protein (ISD11), and the Fe-S scaffold protein

(ISCU2) when the complex is mostly inactive, whereas activated complex includes
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ISCU

163

additionally frataxin =°. NFS1 provides sulfur for Fe-S cluster biosynthesis, meanwhile

184 |SCU2 acts as a template for cluster

ISD11 stabilizes and may activate NFS1
assembly and finally FXN stimulates the cysteine desulfurase and Fe-S cluster assembly
reactions™®

Bridwell-Rabb et. al propose a model of Fe-S cluster biosynthesis in which
frataxin has a role as allosteric regulatorlez. In this model, Fe-S cluster assembly
complexisinan equilibrium between non-functional (helix motive) and functional (coil

structure) conformational states. Frataxin binding to the complex stabilizes the coil

conformation acting as an allosteric activator (Figure 9).

Figure 9. Schematic representation model of the Fe-S assembly complex activated by frataxin. a) Equilibrium of
Fe-S cluster assembly complexes between the less stable active (coil; SDUF) and the stable inactive (helix; SDU)
conformation. b) Binding of frataxin to coil structural motive for the C-terminal helix switches the equilibrium from
inactive form to active form. c) L-cysteine reacts with NFS1 and form on C381 a persulfide species. d) C104 residue
of ISCU2 receive sulfur molecule from NFS1. e) Formation of [2Fe-2S] cluster occurs on ISCU2 with the addition of
the rest of reaction components. f) The Fe-S cluster is transferred to an apo target, and the active SDUF is re-

formed (image from Bridwell-Rabb et. al)
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An interaction between frataxin and ferrochelatase, the enzyme that catalyses

the final step of heme group biosynthesis by inserting the ferrous ion into porphyrin

166

ring, suggests another role of frataxin in heme biosynthesis pathway . In addition,

kinetic inhibition of this pathway occurs when frataxin levels are decreased"®’.
Frataxin links with mitochondrial aconitase, mitochondrial respiratory chain
(complex Il) and differential types of chaperons are reported, however the importance

of these interactions is not completely clear'®®
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1.4.5. Biomarkers in Friedreich’s ataxia

Friedreich’s ataxia patients have not a currently approved therapy and the
number of methods to test the possible efficacy of therapeutic treatments is reduced.
All the biomarkers used in FRDA are neurologic, including hole peg test, timed 25 food
walk, etc. Thus, targeting and restoring of frataxin expression are main goals for the
treatment of FRDA. Currently, frataxin expression in conjunction with other
biomarkers (such as deacetylase inhibitor (HDACi) RGFP109/RG2833 **° or the Nrf2
inducer dimethyl fumarate (DMF)) is used to assess drug therapies. However, little is
known about biomarkers that could stratify the patients with the concomitant
diseases of FRDA (cardiomyopathy, diabetes, scoliosis, etc.). Nowadays, there are
some efforts trying to find new biomarkers for progression of cardiomyopathy in FRDA
using imaging technologies *’°.

Recent studies have shown that miRNAs are involved in altered gene expression
profiles that trigger the development of mitochondrial diseases and cellular redox

homeostasis. In fact, miRNAs participate in the regulation of frataxin levels'’**"2.

Although a small number of studies have analysed miRNAs in FRDA"**7

, their
regulatory role in this disease has not been clearly reported. Of the two previous
studies, only one was performed in blood, reporting differential levels of miR-886 in
FRDA blood samples'’®. However, miR-886 is not actually a miRNA, and it has been
reclassified as a vault RNA in the most recent version of miRbase, v21 (miRNA
accession number: MI0005527; available at www.mirbase.org).

The potential of identifying miRNA signatures in FRDA goes beyond the
discovery of physiological and molecular pathways underlying this disease.
Understanding the phenotypic variability of patients is also necessary for designing the

most appropriate therapy for each of them, according to their specific pattern of

disease progression.

1.4.6. miRNAs as biomarkers

In recent years, noncoding RNAs (ncRNAs) have added a new level of complexity
in DNA-RNA-protein relationship. ncRNAs can be transcribed and participate in

regulatory and functional processes'””.
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ncRNAs can be categorized by their size in two classes: small ncRNAs (sncRNAs;
between 20 and 30 nucleotides) which act as a posttranscriptional regulators of target
RNAs via RNA interference (RNAI), and/or modifying other RNAs; and long ncRNAs
(INcRNAs, more than 200 nucleotides) ’®. MicroRNAs (miRNAs) are the best
characterized sncRNAs. With about 22 nucleotides, there is a huge number of human
transcripts, which have been published with sequences and annotations'’’, listened in

the database miRBase v21 (http://www.mirbase.org/).

miRNAs can be localized in the genome in both intragenic and/or intrinsic

regions of transcripts that encode for proteins. Mostly RNA polymerase Il and in some

178,179

cases RNA polymerase lll, are the enzymes that transcribe miRNAs . Once

transcribed as a primary miRNA transcripts (pri-miRNA) in the nucleus, a new stem
loop precursor of 70 nucleotides (pre-miRNA) is generated from pri-miRNA in the

180

Drosha-DGCR8 enzyme complex™". The new precursor transcript is transported to the

cytoplasm through exportin 5, where it is cleaved, generating a mature double-

181 One of these

stranded miRNA (between 19 to 24 nucleotides), by the type Il Dicer
two strands is loaded into RNA-induced silencing complex (RISC) **2. This binding
permits the identification of target MRNA based in the complementarity of 3’'UTR of
target gene and miRNA sequence, and controls the degradation of the mRNA target
when there is enough complementarity or translational repression of protein

183,184

expression . Some miRNAs are released from cells in membrane-bound vesicles

which protect them from RNase activity’®, and for this reason miRNAs could be

186-188

detected in circulating fluids such as plasma, serum, urine and saliva . Besides

their role in specific tissues and, recently as a stable molecule in circulating fluids™®?,

miRNAs have been proposed as biomarkers in some diseases such as cancer™**?!,
diabetes', neurodegenerative diseases™™, etc.

The small fraction of total RNA in cell (which is lower than in circulating miRNAs),
the lack of poly(A) and the short length of mature miRNAs makes difficult the detection
of this molecules. However, new commercial column-based kits are useful tools to
isolate the small RNA fraction, which consist mostly by miRNAs. In addition, new
platforms of next-generation sequencing (NGS), and specifically small RNA-

sequencing, have improved the miRNA analysis. In fact, hybridization-based detection

allows the determination of miRNAs but with the sequencing-based detection the
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possibility of simultaneous detection of known miRNAs and new undiscovered ones
has been achieved. Concomitant bioinformatics tools to process information from
NGS analysis and to understand the miRNA-mRNA interaction network has been
developed™*.

A crucial role of miRNAs in the development and function of nervous system has
been reported. Neurons express high number of miRNAs that regulate key pathways
for neuronal differentiation, neural patterning, the establishment and maintenance of
cell identity, synaptogenesis and neural plasticity'®”. Altered expression of miRNAs has
been detected in different neurological disorders, and it has been observed that they
could play an important role in the pathogenesis of these disorders'®*. Studies of the
role of miRNAs in diabetes describe altered profile of miRNAs associated with
cardiovascular complications, nephropathy, retinopathy, and neuropathy '*°. In
addition, pancreatic R-cell fate and pancreas formation, and insulin synthesis and

197 Essential roles of miRNAs in cardiovascular

secretion are regulated by miRNAs
pathologies have been described. Furthermore, the heart overexpresses some
miRNAs, which control cardiac development and function®.

Clarification of miRNA signatures could therefore provide a new landscape of
pathological mechanisms occurring during the natural history of the disease, since

mMiRNA levels can change with disease progression and pharmacological interventions.
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Hypothesis and objectives
2.1. Hypothesis

Charcot-Marie-Tooth (CMT) and Friedreich’s ataxia (FRDA) are the most
common hereditary neuropathy, and the most common hereditary ataxia,
respectively. The physiopathology of these two rare diseases is not completely
understood and their clinical evaluation is impaired by the lack of specific diagnostic
and prognostic parameters. We propose that the evaluation of oxidative stress and
the proteomic profile would provide differences between mild CMT patients, severe
CMT patients, and controls that could be used as new biomarkers of disease
progression. On the other hand, miRNAs analysis would provide different expression
profile signatures between patients and controls that may help in the identification
and stratification of different phenotypes in FRDA’s patients. Furthermore, the
miRNome characterization in cellular models may help in the comprehension of the
special function of differential expressed miRNAs in the physiopathology of Friedreich

ataxia.

2.2.Objectives

The main objective of this study is to find biomarkers for clinical stratification,
prognosis and monitoring of clinical trial experiments in Charcot-Marie-Tooth disease
and Friedreich’s ataxia.

The main objective has two different goals with different sub-objectives:

. To search for new biomarkers in plasma samples from mild CMT
patients, severe CMT patients, and healthy patients

a. To analyse oxidative stress markers in plasma samples from mild
CMT patients, severe CMT patients, and healthy patients.

b. To explore differential expression of proteomic markers in
plasma samples from mild CMT patients, severe CMT patients,
and healthy patients and validation of candidate biomarkers

[I.  To search for new biomarkers in plasma samples of FRDA patients and
healthy controls, and in cellular models of FRDA disease (i.e. olfactory

mucosa stem cell model, SH-SY5Y, and fibroblasts)
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a.

C.

To evaluate differential representation of miRNA in plasma
samples of FRDA patients and healthy control: bioinformatics
analysis of pathways regulated by this miRNAs and validation of
possible miRNAs biomarkers

To analyse the differential expression of miRNA in cellular models
of FRDA disease (i.e. olfactory mucosa stem cell model, SH-SY5Y,
and fibroblasts) bioinformatics analysis of pathways regulated by
this miRNAs and validation of candidate miRNAs biomarkers and
their target pathways.

To validate the miRNA profile from plasma samples of FRDA
patients and healthy control in cellular models of FRDA disease
(i.e. olfactory mucosa stem cell model, SH-SY5Y, and fibroblasts)

and their target pathway.
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Material and methods

3.1. Protocol approval and samples description

3.1.1. Protocol approval by CEIBs

The selection process was carried out in accordance with the relevant clinical
guidelines, following standard operation procedures, and with the approval of the
ethics and scientific committees. Informed consent was obtained from all participants.

All experimental protocols to perform the experiments in CMT biological
samples described in this Thesis were approved by the Biomedical Research Ethics
Committee (CEIB) of Hospital La Fe (Valencia), Hospital de Bellvitge (Barcelona),
Hospital La Paz (Madrid), and Hospital Virgen del Rocio (Sevilla) and the ethics and
scientific committees of CIBERER Biobank (Appendix document 1).

In the same way, all experimental protocols to perform the experimentsin FRDA
biological samples described in this Thesis were approved by the ethics and scientific
committees of the Basque Biobank for Research-OEHUN (www.biobancovasco.org)
and the Biobank for Biomedical Research and Public Health of the Valencian
Community (IBSP-CV) through the Spanish National Biobank Network (RNBB 2013/12).
Ethics and scientific committees of Hospital Clinic Universitari de Valencia was
approved in order to obtain samples from CIBERER Biobank (www.ciberer-biobank.es;
Spanish Biobank) (Appendix document 2).

The samples were used to create a public sample repository of CMT patients,
and healthy controls in the CIBERER Biobank (www.ciberer-biobank.es; Spanish
Biobank).

3.1.2. Human plasma

Blood samples were collected from CMT patients, FRDA patients and healthy
participants in EDTA tubes. Each sample was centrifuged at 2500 rpm for 10 minutes

to separate the plasma and stored at -80°C.

3.1.2.1.  Participants in Charcot-Marie-Tooth study

A cohort of patients with diagnosis of CMT from four referral hospitals of Spain

(Hospital La Fe (Valencia), Hospital de Bellvitge (Barcelona), Hospital La Paz (Madrid),
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and Hospital Virgen del Rocio (Sevilla) participated in the study. A total of forty-six
Caucasian CMT1A patients and twenty-two Caucasian healthy subjects were randomly
recruited from these hospitals. Patients were tested for corroboration of PMP22
duplication and have not got any other secondary disease that could affect to the
neurodegeneration caused by PMP22 duplication. Informed consent was obtained
from each subject, either directly or from his or her guardian, and the Ethical
Committee of the four hospitals mentioned above approved the protocol of this study.
Patients were grouped according to their CMTNS™?: twenty-five mild CMT patients
(CMTNS <15) and twenty-one severe CMT patients (CMTNS> 15).

Samples from healthy volunteers were obtained from the CIBERER’s Biobank. As
exclusion criteria, we consider subjects with neoplastic diseases, active infection,
cardiomyopathy, heart problems, hypertension or diabetes. Healthy volunteers were
enrolled by CIBERER Biobank (www.ciberer-biobank.es; Spanish Biobank Registry
number).

All samples from CMT patients and healthy volunteers were matched by sex and

age (Table 3).
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Table 3. List of CMT patients and controls matched by gender and age. *Samples used only for gelsolin levels

analysis.
Control Mild Control Severe
ID Sex Age ID Sex Age | ID Sex Age ID Sex Age
60* MALE 12 4 FEMALE 3122 FEMALE 23 12 FEMALE 20
62* MALE 12 24 FEMALE 29 68* FEMALE 22
57* MALE 13 21 MALE 32 9 MALE 32
59* FEMALE 12 6 FEMALE 14 20 MALE 34 19 MALE 36
61* FEMALE 13 7 FEMALE 15|25 MALE 40 14 MALE 39
63* FEMALE 16 15 FEMALE 18 34 MALE 42
64* MALE 14 3 MALE 20 | 52 FEMALE 44 38 FEMALE 44
58* MALE 15 13 MALE 22 18 FEMALE 47
22 FEMALE 23 2 FEMALE 26 |55 MALE 41 17 MALE 50
24  FEMALE 29 5 FEMALE 29 49 FEMALE 49 67* FEMALE 51
21 MALE 32 11 MALE 32 35 FEMALE 53
20  MALE 34 1 MALE 35 66* FEMALE 54
23 FEMALE 31 10 FEMALE 32|56 MALE 42 65* MALE 54
16 FEMALE 37 |51 FEMALE 52 44 FEMALE 56
31 FEMALE 40|50 FEMALE 54 37 FEMALE 57
33 FEMALE 41 46 FEMALE 57
52 FEMALE 44 41 FEMALE 42 | 53 MALE 65 43 MALE 60
42 FEMALE 42 47 MALE 67
27 FEMALE 43 | 54 MALE 65 45 MALE 68
30 FEMALE 43 39 FEMALE 70
56 MALE 42 29 MALE 45 48 MALE 75
49 FEMALE 49 28 FEMALE 45
26 FEMALE 47
51 FEMALE 52 40 FEMALE 58
50 FEMALE 54 8 FEMALE 60
53 MALE 65 32 MALE 63
54  MALE 65 36 MALE 67
3.1.2.2.  Participants in Friedreich’s ataxia study

The study population included patients from different families who had been

diagnosed with FRDA. This diagnosis was confirmed by genetic study. Patients with

neoplastic diseases and active infection were excluded. Data about age, sex, tobacco

use, history of diabetes, cardiomyopathy, medication and therapies and number of

repetitions in the mutation and disease duration were recorded. The scale for

assessment and rating of ataxia (SARA) was used to measure the clinical severity of

the disease?®.
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Table 4. List of FRDA patients and controls matched by gender and age.

PATIENTS CONTROLS
ID SEX AGE ID SEX AGE
27 FEMALE 26 33 FEMALE 24
38 FEMALE 32 34 FEMALE 33
42 FEMALE 68 49 FEMALE 56
41 FEMALE 48 46 FEMALE 53
2 FEMALE 39 47 FEMALE 38
6 FEMALE 56 47 FEMALE 56
18 FEMALE 38 47 FEMALE 38
5 FEMALE 46 31 FEMALE 44
25 FEMALE 46 31 FEMALE 44
29 MALE 28 35 MALE 30
1 MALE 34 10 MALE 32
4 MALE 35 10 MALE 32
13 MALE 35 10 MALE 32
30 MALE 32 10 MALE 32
14 MALE 41 22 MALE 40
39 FEMALE 49 7 FEMALE 54
17 MALE 47 20 MALE 47
15 MALE 37 21 MALE 39
16 MALE 39 21 MALE 39
3 MALE 52 9 MALE 51

26 FEMALE 37 11 FEMALE 37
40 FEMALE 37 11 FEMALE 37
43 MALE 21 50 MALE 20
37 MALE 19 44 MALE 16
28 FEMALE 29 45 FEMALE 31

Healthy volunteers with no neoplastic diseases, active infection,
cardiomyopathy, heart problems, hypertension, or diabetes were enrolled by the
Basque Biobank for Research-OEHUN (www.biobancovasco.org) and the Biobank for
Biomedical Research and Public Health of the Valencian Community (IBSP-CV) through
the Spanish National Biobank Network (RNBB 2013/12).
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The participants of both groups (healthy volunteers and FRDA patients) were

matched by race, sex and age (Table 4).

3.1.3. Celllines

Three different cell lines were used in this work: human fibroblasts, stem cells

from olfactory bulb and SH-SY5Y cells.

3.1.3.1.

Human fibroblasts

Primary fibroblasts from FRDA patients’ biopsies and from healthy

donors were used in this work. The table 5 shows the characteristics of each

individual and also the source of each one.

Fibroblasts were grown using 1:1 mixture of Dulbecco's modified Eagle's

medium (DMEM) supplemented with 15% of inactive foetal bovine serum (FBS),

2mM of L-glutamine, and 100mg/mL of penicillin-streptomycin (Gibco, Spain).

Cells were maintained at 37°Cin a saturated humidity atmosphere containing 20%

Oz and 5% COZ

Table 5. Characteristics and identification of FRDA fibroblasts and control fibroblasts. Table shows information of
the age, gender and clinical features of individuals from whom fibroblasts have been obtained. Data of GAA
repetitions were obtained from Garcia-Gimenez et. al. 201 % Kindly obtained from Dra. Marcela Del Rio (CIEMAT;

Madrid)

Name

FRDA 1

FRDA 2

FRDA 3

CONTROL 1

CONTROL 2
CONTROL 3

ID GAA SOURCE CLINICAL REPORT AGE SEX
REPETITIONS
GMO04078 370/470 Coriell cell Ataxia; cardiomyopathy; mild 30 Male
Repository peripheral neuropathy
GMO03816 350/470 Coriell cell Spinal-cerebral degeneration 36 | Female
Repository with cardiomyopathy
GMO03665 780/780 Coriell cell limb and gait ataxia; scoliosis; 13 Female
Repository proprioceptive sensory loss;
GMO08402 10/10 Coriell cell Apparently Healthy 32 Male
Repository
- 10/10 * Apparently Healthy 50 | Female
- - * Apparently Healthy 11 | Female
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3.1.3.2.  Olfactory mucosa stem cells

Olfactory mucosa stem cells from healthy volunteers and FRDA patients

I. 2% Cells were

were obtained following the procedure detailed by Lanza et. a
kindly gifted by Dr. Javier Diaz-Nido’s laboratory and they were grown using 1:1
mixture DMEM and Ham’s F12 Nutrient (Gibco, Thermo-fisher; US) with
GlutaMAX, Albumax 0,5%, HEPES 5mM, glucose 0.6%, 100mg/mL of penicillin-
streptomycin, no-essential amino acids (L-ala 44mM, L-Asn 45mM, L-Asp 40mM,
L-Glu 40mM, L-Pro 30 mM) 2ug/ml heparin, N2 (Gibco, Thermo-fisher; US),
10ng/ml hrfGF-2 (Pepro thech Inc, US), 50ng/ml NGF (Sigma, US). 20% of fresh

medium was added twice a week. Cells were maintained at 37°C in a saturated

humidity atmosphere containing 20% O, and 5% CO,.

3.1.3.3.  SH-SY5Y cells

SH-SY5Y cell line was subcloned from original cell line called SK-N-SH, and
it was described by first time by Biedler et. al . The original SK-N-SH was
obtained from bone marrow biopsy of four-years-old woman as described by

I. 2% SH-SY5Y cell line is an excellent model for Friedreich’s ataxia

Biedler et. a
because of the same developmental origin in neural crest of neuroblastoma cells
and dorsal root ganglia affected in FRDA patients.

SH-SY5Y were transfected with vector pLKO.1 in order to obtain a
silenced frataxin model. pLKO.1-NT was a control cell line with a sequence of
interference RNA not directed. FXN-138.1 and FXN-138.2 were frataxin silenced
cell lines with a reduction of 82% and 78% of protein levels, respectively.

SH-SY5Y were grown using 1:1 mixture DMEM and Ham’s F12 Nutrient
mixture medium supplemented with 10% of inactive foetal bovine serum (FBS),
2mM of L-glutamine, and 100mg/mL of penicillin-streptomycin (Gibco, Thermo-
fisher; US). Transfected cells also were grown with 2 ug/ uL of puromycin as a
selective marker. Cells were maintained at 37°C in a saturated humidity

atmosphere containing 20% O, and 5% CO,. All cell lines were kindly obtained

from Dr. Francesc Palau laboratory.
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3.2. Measurement of Protein levels

Protein levels of samples were measured using Pierce™ BCA Protein Assay Kit
(Thermo Fisher, USA) in plates of 96 wells, following manufacturer’s instructions. This
assay is based on the reduction of Cu* to Cu* by protein in an alkaline medium, the
Cu*! generated binds to two molecules of bicinchoninic acid (BCA) generating a purple
colour solution. This coloured complex generated is measured at 562nm of
absorbance.

Standard dilutions of bovine serum albumin (BSA) were used in order to
generate a standard curve, and protein concentration of samples were determined

using the following formula:

Sample average absorbance — (intercept) o
X Dilution

Protein concentration (mg/ml) = Slope

3.3. MDA analysis

Malondialdehyde (MDA) is produced as product of membrane lipid
peroxidation. As consequence of this oxidation the composition and structure of
cellular membranes change, thereby altering the fluidity of the cellular membrane is
reduced. Wong et. al. > described a method where MDA reacts with thiobarbituric
acid (TBA) generating a chromogen with absorbance between A=532-535 nm that
could be measured.

25 plL Samples and MDA standards (Merck, Germany) were derivatized with 500
uL Sodium acetate anhydrous buffer 2M, pH 3,5, with TBA 0.2% during 60 min at 95°C.
This incubation generates lipid peroxide hydrolysis releasing MDA molecules that
bounds with TBA molecules (MDA-TBA;). 500 pL of KH,PO,4 buffer 50 mM, pH 6,8, were
added to samples and were shacked gently. Finally, after samples were centrifuged 5
min 13000 rpm at 49C, 200 plL of KH,PO, Buffer 50 mM, pH 3,5 were added to the
same volume of supernatant, and mixed slightly.

Derivatized samples and standards were analysed using a C18 Hypersil GOLD
HPLC Column 15cm and 5 um particle size (Thermo Flsher, USA) with the mobile phase
of a mixture of KH,PO4 buffer 50 mM, pH 6,8 and acetonitrile (83 of KH,PO4 buffer /

acetonitrile), flow phase rate of 1.0 mL/min, and under isocratic conditions.
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3.4. Immunoblotting Blotting analysis

3.4.1. Dot-Blot

Dot-blotting was used to measure carbonylated proteins and nitrosylated
proteins. Samples (20ng) were derivatized using Oxi-Blot™ protein oxidation
detection kit (Millipore, USA) following the manufacturer’s instructions to detect
levels of carbonylated proteins. In case of nitrosylated proteins samples (20ng) were
mixed with sample buffer 5x (Tris-HCl 40 mM pH 6.8, EDTA 4mM, SDS 4%,
bromophenol blue 0.01%, sacarose 40%, R-mercaptoethanol 10%) and denaturalized
by boiling 5 min at 952C. We prepared also negative and positive controls to each
experimental process.

Nitrocellulose Transfer Membrane (Whatman, Germany) and one filter paper
(Whatman 3MM) were hydrated with 0.05 g/ml of skimmed milk (for nitrosylated
proteins) or 0.01 g/ml BSA (for carbonylated proteins) in PBS-Tween solution
(Phosphate buffer saline 4mM and Tween 0.1%) and then, were put together with one
dried filter paper and 3 towel papers. Samples were dropped in membranes using 1
UL of each sample, including positive and negative controls of carbonylated proteins,
and were left to dry for a few minutes. Once membranes were dried, blocking
incubation was performed using 0.05 g/ml of skimmed milk (nitrosylated proteins) or
0.01 g/ml BSA (for carbonylated proteins) in PBS-Tween solution during 1h.

After blocking incubation, first antibody incubation was performed using target
protein antibody diluted in 0.01 g/ml of skimmed milk or BSA in TBS-Tween solution:
anti-carbonylated proteins (1:1000; provided in Kit Oxi-Blot™ protein oxidation
detection kit; Millipore, USA) and anti-Nitrotyrosine, clone 1A6 (1:1000; Millipore,
USA). Membrane was incubated with appropriate antibody over night at 42C and with
a softly shaking.

The following day, membranes were washed 3 times with 0.01 g/ml of skimmed
milk or BSA in PBS-Tween solution, in order to eliminate no-binding antibody. Then,
the membrane was incubated with appropriate second antibody 1 h with gently
shaking: goat anti-mouse (1:7500, Calbiochem, Germany), goat anti-rabbit (1:2500,

Cell Signaling, USA) all of them with horseradish peroxidase enzyme conjugated.
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Three washings with PBS-Tween solution were done in order to eliminate the
non-binding antibody. After that, membranes were incubated with reactive of ECL Plus
Western Blotting Detection System (GE Healthcare, USA). The images of

chemoluminescence were obtained with LAS-4000 (GE Healthcare, USA).

3.4.2. Densitometry analysis

Images obtained from chemoluminescence were analysed with Image |
software. Relative density of dots was obtained by analysis of dots in rectangular
sections and following measure of relative density of the contents of the rectangle.
The rectangular sections enclose the region of interest and were defined as the
minimal area that encloses the dots in a band. The regions of interests were analysed
with the option “Gels” in the “Analyze” menu of imagelJ software and a histogram plot
for each rectangle was obtained. The peaks observed for each rectangle correspond
to each dot that encloses the rectangle. A straight line in bottom of each peak was
drawn in order to eliminate the background noise and separate each peak. The area
observed for each peak corresponds to the number of pixels and the intensity and was
measure with the tool of imagel called “Wand”. These data about areas was used for

detect differences between intensities, and consequently in amount of protein.

3.5. GSSG /GSH ratio

Glutathione (L-gamma-glutamyl-L-cysteinylglycine; GSH), the most important
non-enzymatic antioxidant in eukaryotes, is able to reduce H,0, levels when the
glutathione peroxidase (GPX) uses it as reductant to generate H,O. Reduced GSH
reacts with another molecule of GSH generating the oxidised form GSSG. Reduction of
GSSG to GSH is done by glutathione reductase, which obtains the electrons from the
NADPH generating 1 equivalent of NADP'. In addition, glutathione S-transferase
catalyse the nucleophilic addition of GSH to electrophiles. Hence, GSSG/GSH ratio is
considered a good parameter to measure oxidative stress imbalance.

Based in these facts, GSSG/GSH ratio and total GSH were measured using The
DetectX Glutathione kit (Arbor Assays, USA) following the manufacturer’s instructions.

This kit uses ThioStar® reagent, a fluorescent molecule that produce a highly
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fluorescent product when it binds to the free thiol group of GSH. In the first step,
ThioStar® binds to free GSH molecules present in samples and the fluorescence is
measured with excitation of A= 390 and emission of A= 510 nm in Gemini XPS
Microplate Reader (Molecular Devices, USA). Total GSH was measured in the same
well and with the same parameters of excitation and emission spectra, after addition
of a reaction mixture with NADPH and glutathione reductase that converts all GSSG
molecules into free GSH, which is measured again using ThioStar® reagent.

Afterwards, GSSG concentration was obtained using the next formula:

(Total GSH — Free GSH)

GSSG =
2

3.6. Total antioxidant activity
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Physiologic aerobic metabolism produces reactive oxygen species (ROS). In
order to reduce ROS levels and the damage they produce, antioxidant systems were
developed by the organisms. These antioxidant systems include enzymes (e.g.
superoxide dismutase, catalase, and glutathione peroxidase), macromolecules (e.g.
albumin, ceruloplasmin, and ferritin) and small molecules (e.g. GSH, B-carotene, uric
acid, bilirubin, and ascorbic acid). The activity of all of them represents the total
antioxidant activity.

Total antioxidant activity in our samples was measured using Cayman’s
Antioxidant Assay Kit (Cayman, USA). This assay is based on the ability of antioxidants
presents in the sample to inhibit the oxidation by metmyoglobin of ABTS® (2,2’-Azino-
di-[3-ethiylbenzthiazoline sulphonate]) to ABTS®*. This oxidation product was
measured by its absorbance at 750nm in a SpectraMax® Plus 384 Microplate Reader
(Molecular Devices, USA) and compared with the antioxidant capacity of Trolox, a
tocopherol analogue. The antioxidant capacity was quantified as millimolar Trolox

equivalents using the formula:

o Sample average absorbance — (y — intercept) o
Antioxidant (mM) = Slope X Dilution
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3.7. Proteomic analysis

Individual identification and relative quantification of thousands of proteins
composing the proteome in a specific time can be performed using an improvement
of 2-dimensional electrophoresis called 2D-Differential In Gel Electrophoresis (2D-
DIGE). This analysis let separation of proteins first, by isoelectric point in a non-lineal
pH gradient strip, and then by size, in a sodium Dodecyl Sulphate Polyacrylamide gel
electrophoresis (SDS-PAGE), as occurs in a 2D-Differential electrophoresis. The
improvement of 2D-DIGE is that samples are labelled with fluorescent dyes called
CyDyes: Cy2, Cy3 and Cy5. CyDyes are covalently attached to proteins (a single protein
by fluor dye). Samples are labelled with different dyes, and then proteins are run on
the same 2D gel. The advantage of 2D-DIGE is that a mix of 2 analysed samples in the
same gel are mixed and labelled with a third CyDye in order to normalize protein
levels, therefore analysing simultaneously the different amount of specific proteins in
both samples. Fluorescence images of labelled proteins are taken and analysed with
Decyder software to detect differential protein expression between two samples **°.

The 2D-DIGE analyses were carried out in the UCIM-University of Valencia

Proteomics Unit, a member of ISCII| ProteoRed Proteomics Platform.

3.7.1. Sample preparation

A selection of CMT plasma samples (Table 6) were used in order to perform 2D-
DIGE proteomic analysis in Proteomic Unit of Central Research in Medicine Unit

(UCIM) from University of Valencia.
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Table 6. Selection of CMT plasma samples and dyes used in 2D-DIGE proteomic analysis. The numbers appearing
in each box corresponds to one-selected samples. For sample assignation and description please see Table 3.

ID gel Cy3 Dye Cy5 Dye Cy2 Dye
60455 20 26 20426
60456 27 21 27421
60457 51 1 51+1
60458 3 52 3+52
60464 53 8 53+8
60465 32 54 32+54
54177 20 17 20+17
54178 43 21 43+21
54179 51 44 51+44
54180 46 52 46+52
52931 53 47 53+47
52932 18 54 18+54

3.7.2. Depletion of main plasma proteins

Main proteins (albumin, IgG, antitrypsin, IgA, Transferrin, Haptoglobin) from
plasma samples were depleted using an affinity cartridge “Multiple Affinity Removal
Spin Cartridge - Hu-6HC (Human)” (ref. 5188-5341 Agilent Technologies, USA). In order
to avoid cartridge saturation a 1:5 dilution of each plasma sample in buffer A (Multiple
Affinity Rem Spin Cartridge Reagent Kit 1L Buffer A, Agilent Technologies, ref. 5188-
5254, USA) was used. The diluted samples were loaded in the cartridge and
centrifuged twice for a better concentration of proteins. In order to avoid substances
no desirable like detergent, salts, lipids, phenols, and nucleic acids 2D clean-up (ref:
80-6484-51, GE Healthcare, USA) kit was used as manufacturer’s instructions. Later,
the pellet was resuspended in SCLB (Standard Cellular Lysis Buffer; Tris-HCI 30mM pH
8.5; Urea 7M; Thiourea 2M; 4% CHAPS) and pH was optimized between 8 and 9.

3.7.3. 2D-DIGE labelling of protein with Cy Dyes

50 pg of protein in SCLB from selected samples of each group (Table 6), were
labelled with 1 pl NHs-Cyanine (Cy) dyes (Cy2, Cy3 and Cy5, Amersham CyDye DIGE
Fluor, GE Healthcare, USA). Equal amounts of protein from each condition were mixed
to prepare a standard pool. The samples were incubated 30 minutes in ice and

protected from the light and then dyes were quenched by adding 1 ul of lysine 10 mM
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and leaving 10 minutes in ice and darkness. Equal protein amounts from pairs of
differentially labelled samples and Cy2 labelled standard were mixed in the same tube
with the volume of 2x RBS (Rehydration buffer stock. Urea 7M; thiourea 2M; CHAPS
4%), and reduced in ice during 10 minutes by 5 mg of DTT in 10 uL of Immobilized pH

gradient (IPG) buffer (General Electrics, Healthcare, USA).

3.7.4. Protein separation by 2D-DIGE

The IPG strips (24cm, non-lineal pH 3-10, Immobiline DryStrip, GE Healthcare,
USA) were rehydrated during at least 12h with 460 ul of RBS buffer, 1 mg of DTT and
5 ul of IPG Buffer. Labelled samples were loaded into loading cup from Ettan IPGphor3
IFU system (GE Healthcare, USA) and the isoelectric focusing was performed following
next program: 300W during 4h, gradient from 300W to 1000W during 6h, gradient
from 1000W to 10000W during 3h, and finally 10000W during 3h. Strips were
equilibrated during 15 min at room temperature, and agitation in equilibration buffer
(Tris 50mM pH 7.5; urea 6M; glycerol 30%; SDS 2%; Bromophenol blue 1%) containing
1% of DTT in order to keep the reduced proteins. Then for 15 min in the same buffer
and conditions but containing 2.5% of iodoacetamide in order to avoid the oxidation
of proteins. When the strips were equilibrated, they were transferred to 12.5%
polyacrylamide gels (Acrylamide 40%; Tris 1.5M pH 8.8; SDS 10%; APS 10%; temed) in
order to perform a SDS-PAGE electrophoresis. Gels were run in an Ettan DALTSix
Device (GE Healthcare, USA) at 25 2C as follows: 2W/gel during 45 min and then
15W/gel for 3h.

3.7.5. Gels scanning and image analysis

Typhoon™ TRIO (GE Healthcare, USA) was used to scan the gels with 100 un of
resolution and using excitation/emission wavelengths for each dye: Cy2
(488nm/520nm), Cy3 (532nm/580nm), and Cy5 (633nm/670nm). Images were loaded
by Image loader module of Decyder software (GE Healthcare, USA) in order to be
analysed first by the differential in gel analysis (DIA) module and then by the biological
variance analysis (BVA) module of this software. DIA module is able to detect real

spots, calculate spot volume/abundances for the Cy2, Cy3, and Cy5 images from a
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same gel and normalize the values (Cy3/Cy2 and Cy5/Cy2). BVA module performs the
matching of the spots from the images and obtains statistical data of expression levels
foreach group. When at least a 1.5-fold change was observed, quantitative differences
were accepted. Student’s t-test was used and the statistical significance of the

differences were accepted when p<0.05.

3.7.6. Flamingo Fluorescent staining and spot picking

Gels were fixed for 2h, shaking with fixing solution (40% Ethanol and 10% of
acetic acid in bidistilled water). Then Flamingo Fluorescent Gel (Bio Rad, USA) staining
was performed in shaking during 2h. The stained gels were scanned on the Typhoon™
TRIO and then the images were exported to Ettan spot picker (GE Healthcare, USA) in

order to pick up the samples from the gels.

3.7.7. Protein identification

The proteomic identification was carried out in the SCSIE-University of Valencia

Proteomics Unit, a member of ISCIII ProteoRed Proteomics Platform.

3.7.7.1. Mass spectrometry

Samples from 2D-DIGE analysis were digested with sequencing grade modified

trypsin (Promega,) as describe Shevchenko et. al. **’

. Digestion was stopped with
Trifluoroacetic acid 1% (TFA) and digested peptides were concentrated until 7uL. A
BSA plug was analysed in the same way to control the digestion process. Previously,
the Plate and the acquisition methods were calibrated with 0.5 plL the CM5 calibration
mixture (ABSciex, Applied Biosystems, USA), in 13 positions. The resulting mixtures
were analysed in a 5800 MALDI TOFTOF (ABSciex, Applied Biosystems, USA) in positive
reflectron mode (3000 shots every position). Five of the most intense precursors
(according to the threshold criteria: minimum signal-to-noise: 10, minimum cluster
area: 500, maximum precursor gap: 200 ppm, maximum fraction gap: 4) were selected

for every position for the MSMS analysis. And, MS/MS data was acquired using the
default 1kV MS/MS method.
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The MS-MSMS information was sent to MASCOT via the Protein Pilot (ABSciex,
Applied Biosystems, USA). Database search was performed on Expasy databases.
Searches were done with trypsin specificity allowing one missed cleavage and a
tolerance on the mass measurement of 100 ppm in MS mode and 0.8 Da in MSMS
mode. Carbamidomethylation of Cys was used as a fixed modification and oxidation
of Met and deamidation of Asn and GIn as variable modifications.

According to all the parameters a list of proteins ordered by probability of being

the analysed protein was obtained.

3.7.7.2.  Liquid chromatography tandem-mass spectrometry (LC-MS/MS)

When the MALDI TOF/TOF analysis indicated mixture of proteins, (LC-
MS/MS) was performed. 5 pl of every sample (except the main bands) were
loaded onto a trap column (NanoLC Column, 3u C18-CL, 350umx0.5mm; Eksigen,
Ireland) and desalted with 0.1% TFA at 3ul/min during 5 min. The peptides were
then loaded onto an analytical column (LC Column, 3 p C18-CL, 75umx12cm,
Nikkyo, Japan) equilibrated in 5% acetonitrile 0.1% FA (formic acid). Elution was
carried out with a linear gradient of 5-45% B in A for 15min. (A: 0.1% FA; B: ACN,
0.1% FA) at a flow rate of 300nl/min. Peptides were analysed in a mass
spectrometer nanoESI qQTOF (5600 TripleTOF; ABSciex, Applied Biosystems,
USA). The tripleTOF was operated in information-dependent acquisition mode, in
which a 0.25-s TOF MS scan from 350-1250 m/z, was performed, followed by
0.05-s product ion scans from 100— 1500 m/z on the 50 most intense 2-5 charged
ions.

The data obtained for the sample were analysed combined for database
search. ProteinPilot default parameters were used to generate peak list directly
from 5600 TripleTof wiff files. The Paragon algorithm of ProteinPilot was used to
search ExPASy protein database with the following parameters: trypsin specificity,
iodoacetamide cys-alkylation, taxonomy restricted to Homo sapiens, and the
search effort set to mode rapid. To avoid using the same spectral evidence in
more than one protein, the identified proteins are grouped based on MS/MS
spectra by the Protein-Pilot Progroup algorithm. Thus, proteins sharing MS/MS

spectra are grouped, regardless of the peptide sequence assigned. The protein
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within each group that can explain more spectral data with confidence is shown
as the primary protein of the group. Only the proteins of the group for which there
is individual evidence (unigue peptides with enough confidence) are also listed,

usually toward the end of the protein list.

3.8. PhenUMA analysis

PhenUMA analyses were performed in the Laboratory of Francisca Sanchez-
Jiménez from University of Malaga, using the same methodology described by
Rodriguez-Lopez et.al’®.

The web available application PhenUMa displays biological networks using data
repositories of biomedical and biomolecular information. This software combines
semantic similarity methods with information taken from databases of genetic
diseases and biological interactions (Gene Ontology (GO) and Human Phenotype
Ontology (HPQ)).

HPO and GO were used to calculate the phenotypic similarities between genes
and the functional similarities between genes. The inferred relationships between
genes and orphan diseases are due to binary relationships. For instance, an inference
between two genes will be considered if at least one or more (Online Mendelian
Inheritance in Man) OMIM/QOrphan diseases are associated with both genes.

Phenotypic similarity network was requested for PMP22 gene, the resulting
network was populated with the functional, protein-protein interaction, metabolic
and inferred relationships. Low level of confidence for both phenotypic similarities

(the 9gth percentile) and functional similarities (the 99.5th percentile) were selected.

3.9. Enzyme Linked ImmunoSorbent Assay (ELISA)
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Gelsolin validation was performed for plasma samples of human and mice with
Human plasma (soluble) gelsolin ELISA kit (Aviscera Biocience, USA).

All Elisa’s assays were performed following manufacturer’s protocol and were
based in a coated 96 wells plaque where samples and standard curve were detected

using a biotinylated tracer antibody and a conjugate of streptavidin-peroxidase. Using
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TMB as subtract of peroxidase, concentration of each well was measured at 450 nm
using a SpectraMax® Plus 384 Microplate Reader (Molecular Devices, USA). The mean
absorbance for each standard concentration was plotted on the vertical (Y) axis
(logarithmic scale for gelsolin kit) versus the corresponding concentration on the
horizontal (X) axis (logarithmic scale). Final concentration of the proteins was

calculated using the following equations:

. Sample average absorbance — (intercept) o
Gelsolin (pg/ml) = Slope X Dilution

All concentrations were represented versus total protein concentration

(mg/ml).

3.10. MiRNA analysis

3.10.1. RNA extraction and quantification

We isolated cell-free total RNA (including miRNAs) from 400 pl of plasma using
the miRNeasy Serum/Plasma kit (Qiagen, Termofisher, USA), following the
manufacturer’s protocol. The RNA was eluted with 25 pL of RNAse-free water twice.

About 10° cells from cell lines were used to perform miRNA purification with
miRvana miRNA Isolation Kit (Applied Biosystems/Ambion, USA) following
manufacturer’s instructions. The RNA was eluted with 75 pL of RNAse-free water.

The amount of total miRNAs was evaluated by Nanodrop 2000 and the quality
of them was obtained by Small RNA assay Agilent 2100 Bioanalyzer (Agilent
Technologies, USA).

3.10.2.Small-RNA sequencing of circulating miRNAs using Illumina technology

Small-RNA sequencing by Illumina method was performed in the Genotyping

and Genetic Diagnostic Unit of INCLIVA.

3.10.2.1. Library Preparation and Next-generation sequencing

Small-RNA libraries were prepared using the NEBNext Multiplex Small
RNA Library Prep Set for lllumina (Set 1&2) (New England Biolabs, USA), following

the manufacturer’s protocol. Briefly, 5' and 3' adapters were ligated with small
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RNA samples, followed by a cDNA library construction and incorporation of index
tags by reverse transcription-PCR (RT-PCR). The products of this RT-PCR were
purified using 6% non-denaturing polyacrylamide gel electrophoresis, and a 145-
160 bp size fraction was isolated. The cDNA library samples were used for cluster
generation and lllumina sequencing on the HiScanSQ platform (50 bp single
read;lllumina, USA).

The first step was to assess the quality of the lllumina raw sequences
with the FastQC software. Based on the results obtained, the sequence reads
were trimmed to remove sequencing adapters and low quality bases. Once the
data were deemed of sufficient quality, they were mapped against the human
Hg38 build reference sequence, taken from the UCSC Genome Browser. After
that, the intersection between the aligned position of reads and the miRNA
coordinates taken from miRBase v21 was performed. The alignment and
quantification steps were performed using the Subread®® and RSubread®®

packages, respectively.

3.10.3.Small-RNA sequencing of FRDA cell lines using lon Torrent Technology

Small-RNA sequencing by lon Torrent method was performed by Primbio

Research Institute (Exton, USA).

3.10.3.1. Library Preparation and Next-generation sequencing

cDNA libraries were constructed using lon Total RNA-Seq Kit v2 from Life
Technologies and manufacturers recommended protocol. miRNA samples were
run on the microfluidics-based platform Agilent 2100 Bioanalyzer (Agilent
Technologies, USA). to assess yield and size distribution of the RNAs, using the
Agilent Small RNA Assay (Agilent Technologies, USA). 15 ng of miRNA was
hybridized with lon Adapters. The hybridized samples were then mixed with a
reverse transcriptase master mix to generate cDNA libraries. The purified cDNA
libraries were then amplified by PCR using Platinum PCR Super-Mix High Fidelity
(Thermo Fisher, USA) and lon Xpress Barcode reverse and forward primers

(Thermo fisher, USA). The amplified cDNA libraries were purified using Nucleic
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Acid binding beads, binding buffers and run on Agilent 2100 Bioanalyzer (Agilent
Technologies, USA) to determine the yield and size distribution of each library.
Approximately 10 pM of pooled barcoded libraries were used for
templating using Life Technologies lon PI Template OT2 Solutions 200 Kit v3 (Life
Technologies/Thermo fisher, USA) and manufacturers recommended protocol.
The beads prepared for sequencing were loaded onto a pre-prepared and
calibrated lon P1 chip as directed by Life Technologies lon P1 Sequencing 200 Kit
v3(Life Technologies/Thermo Flsher, USA) protocol. The chip was placed into an
lon Proton sequencer (Life Technologies/Thermo Fisher, USA) and the run was
started using lon torrent miRNAseq run plan that was configured based on type
of library, species, number of run flows required, type of plug-in required,
adapter-trimming as well as other parameters specific to the miRNA-seq run.
The raw sequences were aligned to the human Hg19 building reference
sequence by the Life Technologies lon Torrent Suite. Aligned BAM files were used
for further analysis. BAM files, separated by the specific barcodes, were uploaded
to the Strand NGS software (Strand NGS, USA). Quality control was assessed by
the Strand NGS program, which determined the pre- and post-alignment quality
of the reads for each sample. The aligned reads were filtered based on alignment

score, match count, mapping quality and average base quality

Bioinformatic analysis

Bioinformatic analysis and optimization of methodologies and procedures for
differential expression and miRNA candidate identification were carried out by miss
Dayme Gonzalez Rodriguez as part of her master thesis entitled “Estudio de
mircroRNAs obtenidos en plasma mediante NGS como bimarcadores en Ataxia de
Friedreich”.

The expression data from circulating miRNAs, were normalized using the
trimmed mean of M-values (TMM) method®'!. Differential expression analysis was
performed between patients and controls. The test used was based on exact statistical

212
h

methods developed by Robinson and Smyt . It was necessary to estimate miRNA-

specific dispersion with a quantile-adjusted conditional maximum likelihood (qCML)
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g3, Dysregulated miRNAs with an FDR of less than le-4 were used to

metho
calculate a correlation matrix. A logistic regression model with a LASSO penalty*** was
fitted with miRNAs that had a correlation level below 0.7. In order to select the most
important miRNAs in the model, a leave-one-out cross validation was performed. All
mMiRNAs that had non-zero coefficients at the value of A that gave the minimum mean
cross-validated error were selected.

On the other hand, differential expression analysis of proton run of cell lines
mMiRNAs was performed using the packages EdgeR and DESeq 2 by means software R.
The tests used were exactTest and binomial Wald Test, which are included in the
packages of EdgeR and DESeq?2, respectively. The results showed correspond to those,
which were confident in both tests. For EdgeR, we first filtered those miRNAs that do
not show any data of expression. Afterwards, the data were normalized using
Calculate normalization factors to calculate the effective size of the library. We
represented graphically using the package R by means non-supervised clustering.

Finally, all miRNAs have a large number of potential target sites. The
computational approach to predicting miRNA targets helps to narrow down the
potential candidates. In our approach, we first used DIANA-microT-CDS accessed from
DIANA web server v5.0*". This tool shows whether the target was also predicted by
miRanda or TargetScan or was experimentally validated in TarBase v7.0. We used the
DIANA-miRPath v3.0 functional analysis online suite to identify miRNAs controlling
significant molecular pathways annotated on Kyoto Encyclopaedia of Genes and
Genomes (KEGG), using as default parameters: experimentally supported interactions
from DIANA TarBase v.7.0; a p-value threshold of 0.001; and a microT threshold of 0.8.
TargetScan was used to predict targets for hsa-miR-128-3p. To reduce the number of
false positive miRNA targets, we applied a false discovery rate (FDR) correction to
selected KEGG pathways. The algorithm used in this analysis was a one-tailed Fisher’s

exact test?®,
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3.12. Real-time gPCR validation of a novel miRNA signature from plasma of
FRDA patients and healthy controls

Reverse transcription reactions were performed using TagMan miRNA Reverse
Transcription kit, miRNA-specific stem-loop primers (Part No. 4366597, Applied
Biosystems. Inc, CA; US) and 100 ng of input cell-free RNA in 20 pL RT reaction. Real-
time PCR reactions were performed in triplicate, in scaled-down 10 uL reaction
volumes using 5 pL TagMan 2x Universal PCR Master Mix (Applied Biosystems
/Thermo FIsher, USA) with No UNG, 0.5 uL TagMan Small RNA assay (20x) (Applied
Biosystems /Thermo Flsher, USA) [hsa-miR-128-3p (002216), hsa-miR-625-3p
(002432), hsa-miR-130b-5p (002114), hsa-miR-151a-5p (002642), hsa-miR-330-3p
(000544), hsa-miR-323a-3p (002227), hsa-miR-142-3p (000464), hsa-miR-16-5p
(000391), hsa-miR- 10b-5p (002218); hsa-mir-106b-3p (002380), hsa-mir-106b-5p
(000442) and hsa-mir-15a-3p (002419)], 3.5 pL of nuclease free water and 1 plL of RT
product. Real-time PCR was carried out on an Applied BioSystems 7900HT
thermocycler Applied Biosystems /Thermo Flsher, US)) programmed as follows: 50°C
for 2 minutes, 95°C for 10 minutes followed by 45 cycles of 95°C for 15 seconds and
60°C for 1 minute. One of the miRNAs with the most stable counting reads and
previously used like endogenous control **/, miRNA hsa-miR-16-5p (000391) and
RNU48 (001006), were used to normalize the expression data of plasma and cell lines,

respectively, using the delta-delta CT method (274°¢T) 2*2.

3.13. Validation of miRNAs as Biomarkers

To assess differences between patients and healthy controls and between
different patient subgroups, we performed several statistical tests, using patient
phenotype, age, sex, and disease onset as variables. Student’s T tests and Mann-
Witney tests were applied to compare miRNA fold-change values as a continuous
variable in the different groups of study participants (healthy controls, FRDA patients
with metabolic disorders and FRDA patients without metabolic disorders). Chi-square
tests were employed to compare frequencies between the study groups when the

fold-change was converted into a categorical variable (less than 2.5, greater than 2.5).
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The coefficient of variation of miR-323a-3p was calculated by dividing the
standard deviation by the mean. Variance stabilization was performed on our
sequencing data before the coefficient of variation was calculated, as RNA-Seq data
tend to follow the Negative Beta Binomial model, and so their SD tends to increase
with mean. The data from the microarray datasets, meanwhile, were normalized using
the RMA method?".

The miRNA diagnostic test from each miRNA was validated by Receiver
operating characteristic (ROC) curves analysis: area under the curve, diagnostic
sensitivity and specificity, positive and negative predictive values. Optimal cut-off
points were determined by highest sensitivity plus specificity and efficiency values.

P-values less than 0.05 were considered statistically significant. The data analysis

was performed using SPSS version 20 (IBM Corporation).

3.14. RT-gPCR for gene expression

Reverse transcription reactions were performed using High-Capacity cDNA
Reverse Transcription Kit and 200 ng of input cell-free RNA in 20 puL RT reaction.

Real-time PCR reactions were performed in duplicate, in scaled-down 10 pL
reaction volumes using 5 uL 2x TagMan® Universal PCR Master Mix Applied
Biosystems /Thermo Flsher, USA) and 0.5 uL TagMan® Gene Expression Assays (20x)
[LDHA gene (Hs01378790 gl1); PDHA1 gene (Hs01049345 gl); FOXO1 gene
(Hs00231106_m1); SOD2 gene (Hs00167309_m1)] to gene expression. Real-time PCR
was carried out on an Applied BioSystems 7900HT thermocycler Applied Biosystems
/Thermo Flsher, USA) programmed as follows: 50°C for 2 minutes, 95°C for 10 minutes
followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. GAPDH gene
(Hs02786624 g1) was used to normalize the expression data, using the delta-delta CT

method (2744¢T) 28,

3.15. Statistics analysis

For the statistical analysis of the results, the mean was taken as the

measurement of the main tendency, and standard deviation (SD) was taken as the
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dispersion measurement. Normality test were used for each evaluated parameter in
order to use the proper comparison test (Student's t test or Mann—Whitney U test).
Statistical differences were assumed when p-value of appropriate comparison test

was under 0.05 (*).
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4.1. Biomarkers in Charcot-Marie-Tooth disease

4.1.1. Patients description

PMP22 duplication was confirmed by genetic study in the 46 CMT1A patients
recruited for this work; patients showed no comorbidity that could contribute to the
neuropathy. Patients with CMTNS <15 were grouped into mild CMT patients (25) and
those with CMTNS > 15 were assigned to severe CMT patients group (21). Table 7
shows age, gender, and CMTNS distribution for each group. As we expected in a
neurodegenerative disease, when we grouped the patients by CMTNS, the group with
a higher CMTNS (severe group) had also increased age mean (51 years) than mild
group (37 years; table 7). In mild group there were less men (29%) than in severe
group, in which the presence of men was similar to women (48 %) (Table 7).

22 healthy subjects without neurodegenerative diseases or associated diseases
were also participants of this study. 12 healthy volunteers were men (55%), and the

mean age of the participants was 43 years (range: 16-56 years).

Table 7. Demographic and clinical features of CMT1A patient’s groups and control group.

Mild Severe Control
(n=25) (n=21) (n=22)
Age (mean/range) 37 years (3-67) 51 years (20-75) 43 years (12-65)

Sex (M/F) | 7 (28%)/18 (72%) | 10 (48%)/11 (52%) | 12 (55%)/10 (45%)

CMTNS (mean/range) 9.28 (2-15) 20.52 (16-28) -

4.1.2. Oxidative stress markers

Plasma samples from CMT patients and control subjects were analysed to
evaluate different oxidative stress markers. Oxidative stress protein markers, such as
carbonylation and nitrosylation, were determined in both groups of CMT patients and
in control samples, but no differences were observed among the three groups (Figure
10 a and b, respectively). Moreover, we analysed fatty acids peroxidation as a marker
of oxidative stress by measuring malondialdehyde (MDA) levels. The results showed

similar levels in all groups analysed (Figure 10c). In addition, we performed analysis
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to determine total antioxidant capacity in patients and control subjects and no
differences were observed among groups (Figure 10d). Finally, we determined levels
of total glutathione (GSH) and the ratio between reduced GSH and its oxidized form
(GSSG) (Figure 10e and 10f, respectively). These data showed that there were no
significant differences in oxidative stress markers in plasma neither in mild and severe

CMT patients nor in CMT1A patients and control subjects.
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Figure 10. Oxidative stress markers in plasma of mild CMT1A patients group, severe CMT1A patients group, and
control group. a) Densitometry of carbonylated protein levels analysed by dot-blotting b) Densitometry of
nitrosylated protein levels analysed by dot-blotting c) Malondialdehyde (MDA) levels analysed by HPLC-UV
chromatography d) Total antioxidant activity per protein concentration (mg/ml) measured by Total antioxidant
activity kit and BCA kit e) Total GSH (uM) levels obtained with “The DetectX Glutathione kit” f) GSSG/GSH ratio
analysed with “The DetectX Glutathione kit”. All results are represented as mean + SD.

4.1.3. Proteomic biomarkers

Plasma samples contain a large number and diversity of proteins. In order to
detect proteomic biomarkers that may be used as prognostic markers of Charcot-
Marie-Tooth disease, we performed a 2D-DIGE analysis. 6 selected samples of each
group (Table 6) were run in 6 different gels in the same electrophoresis experiment

for mild CMT group and control (mild/control) and severe CMT group and control
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(severe/control). We obtained fluorescence levels in all groups analysed for each
experiment. All the different fluorescence intensity peaks for each experiment (mild
versus control or severe versus control) are shown in appendix figure 1 and appendix
figure 2. Differential expression protein spots and their localization in the gel were
obtained (Figure 11a). In the mild CMT group eight proteins were detected with
differential expression. Among those proteins, four were up-regulated and four were
down-regulated (Figure 11b left). In severe CMT group thirty-six proteins were
detected with differential expression when we compared it with control group, and
fourteen proteins were up-regulated and twenty-two proteins were down-regulated

(Figure 11b right).

a) Mild/Control Severe/Control
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Molecular
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b) Mild/Control Severe/Control
4 UP 14 UP
4 DOWN 22 DOWN

Figure 11. Differential protein expression analysis performed by 2D-DIGE analysis. a) Representation of localization
of differential expression proteins in mild CMT group against control group (left panel) and representation of
localization of differential expression proteins in severe CMT group against control group (right panel). Circles
represent the localization the protein in the gel and number are ID of the unknown proteins. b) Number of proteins
upregulated (UP) and downregulated (DOWN) in mild (left) and severe (right) CMT group against control group.

In order to determine which protein corresponds to each spot detected in the
2D-DIGE analysis, we performed mass spectrometry or liquid chromatography

tandem-mass spectrometry. All data retrieved from the protein spot are shown in
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appendix table 1 and table 2. We summarized the results of each protein obtained
from the study of differential expression and its average ratio in Table 8.

The proteomic analysis identified some proteins with differential expression in
both experimental groups (Mild vs. Control and Severe vs. Control): plasminogen,
complement factor B, afamin, gelsolin, apolipoprotein A-AV, and haptogloblin. Levels
of plasminogen were downregulated in mild CMT group and also in severe CMT group.
Same pattern was observed in complement factor B protein levels and afamin protein
levels. However, we detected high levels of apolipoprotein A-IV and haptoglobin in
both mild and severe CMT group compared with control group. Some spots were
identified as the same protein; this may be explained with the different post-
translational modifications of proteins, such as phosphorylation, that could alter the
isoelectric point of the proteins and also generate an electrophoretic mobility shift.
Finally, gelsolin levels were upregulated in mild CMT group but it was downregulated
in severe CMT group. The rest of identified proteins only appeared in one of the
experimental groups: only 2 proteins were detected in Mild CMT patient’s vs Control

group, whereas 12 proteins were observed only in Severe CMT patient’s vs Control

group.



Table 8. List of Identified proteins by mass spectrometry and liquid chromatography in both experiments mild
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CMT group with control group (Mild/Control), and severe CMT group with control group (Severe/Control). Table
shows protein name, protein identification code in Uniprot database, gene identification code and average ratio

of differential expression measured in a 2D-DIGE analysis.

Protein

Plasminogen

Complement factor B

Afamin

Gelsolin
Antithrombin-IlI
Apolipoprotein A-IV
Haptoglobin

Clusterin

Complement component C6

Fibrinogen gamma chain
Vitronectin

Serotransferrin

Kininogen-1

Alpha-1B-glycoprotein
Alpha-1-antitrypsin
Alpha-2-HS-glycoprotein
Vitamin D-binding protein
Apolipoprotein E

lg kappa chain C region

Apolipoprotein A-|

ID Uniprot

PLMN_HUMAN
CFAB_HUMAN

AFAM_HUMAN
GELS_HUMAN
ANT3_HUMAN
APOA4_HUMAN
HPT_HUMAN

CLUS_HUMAN
CO6_HUMAN
FIBG_HUMAN
VTNC_HUMAN
TRFE_HUMAN

KNG1_HUMAN

A1BG_HUMAN
A1AT_HUMAN
FETUA_HUMAN
VTDB_HUMAN
APOE_HUMAN
IGKC_HUMAN

APOA1_HUMAN

ID Gene

PLG
CFB

AFM

GSN
SERPINC1
APOA4
HP

cLu
c6
FGG
VTN
TF

KNG1

Al1BG
SERPINA1
AHSG

GC

APOE
IGKC

APOA1

Mild/Control
Average Ratio

-1,48
-1,86

-1,51
1,99
1,47
1,59
2,28

-1,33

Severe/Control
Average Ratio

-1,89
-2,60
-2,48
-1,95
-1,72

2,99
2,25
3,36
2,91
3,15
4,93
4,38
6,89

2,17
-2,47
-2,95
-2,65
-1,68
-1,69
-2,54
-1,70

5,34
-2,17

7,05
-1,98

9,75
10,13
-1,82
-1,64
-1,93
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With the aim of determining which proteins were more relevant in PMP22
duplication context, we analysed interactions previously described between
differential expressed proteins genes and PMP22 gene. First, we analysed, using
PhenUMA software, the interactions between PMP22 and other genes that could have
any phenotypic and functional relationship. We observed that PMP22 has phenotypic
association with other genes, most of them mutated in other types of CMT, as shows
figure 12. These genes generate similar phenotype when the protein, which they
encode is mutated. Moreover, we showed other kind of interactions between genes
phenotypically related to PMP22: protein-protein interactions, biological process co-
association, and cellular co-localization. However, direct relationship between the
mutated gene and genes of differential expression proteins previously detected were

not observed.
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Genes

Mutated gene ()
Phenotipicaly-like-PMP22 genes ()
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HSPB3 Functional biological process ()

Functional cellular component (D
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Figure 12. Interactions of PMP22 with other genes. Boxes represent mutated gene PMP22 and genes with
phenotypic relationship with PMP22. Lines represent interactions between genes (see legend for details). glycyl-
tRNA synthetase (GARS); ganglioside induced differentiation associated protein 1 (GDAP1); gap junction protein
Beta 1 (GJB1); myelin protein zero (MPZ); heat shock protein family B (Small) member 3 (HSPB3); serine
palmitoyltransferase long chain base subunit 1 (SPTLC1); four and a half LIM domains 1 (FHL1); succinate
dehydrogenase complex assembly factor 2 (SHDAF2); aprataxin (APTX); abhydrolase Domain Containing 12
(ABHD12); kinesin family member 1B (KIF1B), periaxin (PRX); pleckstrin homology and RhoGEF domain containing
G5 (PLEKHGS5); senataxin (SETX); N-myc downstream regulated 1 (NDRG1); heat shock protein family B member 8
(HSPB8); DNA polymerase Gamma, catalytic subunit (POLG); SH3 domain and tetratricopeptide repeats (SH3TC2);
tyrosyl-tRNA synthetase (YARS); mitofusin 2 (MFN2); mediator complex subunit 25 (MED25); myotubularin related
protein 2 (MTMR2); SET binding factor 2 (SBF2); heat shock protein family B member 1 (HSPB1); dynamin 2
(DNM2); lipopolysaccharide induced TNF factor (LITAF); solute carrier family 12 member 6 (SLC12A6); early frowth
response 2 (EGR2); Rho guanine nucleotide exchange factor 10 (ARHGEF10); transient receptor potential cation
channel subfamily V member 4 (TRPV4); gigaxonin (GAN); sacsin molecular chaperone (SACS); member RAS
oncogene family (RAB7A); RhoGEF and PH domain containing 4 (FGD4); neurofilament Light (NEFL).

For these reason, in order to detect indirect relationships between PMP22 and
proteins with differential expression detected in 2D-DIGE experiments, we performed
a new PhenUMA analysis using those genes phenotypically related to PMP22 (Figure
12) and those genes from proteins differentially expressed in CMT1A groups. We
considered indirect relationship when we detected an association between two genes
through other gene. We obtained indirect interactions of PMP22 gene with genes of
differentially expressed proteins, through genes with similar phenotype to PMP22
(Figure 13). From the interactome showed in figure 13 we observed that some
proteins were directly related to genes with similar phenotype to PMP22:
serotrasferrin  receptor (TF); alpha-1-antitrypsin (SERPINA1); antithrombin-IlI
(SERPINC1); alpha-2-HS-glycoprotein (AHSG); clusterin (CLU); apolipoprotein E (APOE);
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gelsolin  (GSN); apolipoprotein Al (APOA1); vitamin D-binding protein (GC);
plasminogen (PLG); complement factor B (CFB); apolipoprotein A-IV (APOA4);
haptoglobin (HP); complement component C6 (C6), fibrinogen gamma chain (FGG);
vitronectin (VTN) and kininogen-1 (KNG1).
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Figure 13. Interactions of PMP22 with genes of differential expressed proteins through genes with similar
phenotype to PMP22. Boxes represent mutated gene (PMP22), genes with phenotypic relationship with PMP22,
and genes from differential expressed proteins. Lines represent different interactions between genes (See legend
for details). glycyl-tRNA synthetase (GARS); ganglioside induced differentiation associated protein 1 (GDAP1); gap
junction protein Beta 1 (GJB1); myelin protein zero (MPZ); heat shock protein family B (Small) member 3 (HSPB3);
serine palmitoyltransferase long chain base subunit 1 (SPTLC1); four and a half LIM domains 1 (FHL1); succinate
dehydrogenase complex assembly factor 2 (SHDAF2); aprataxin (APTX); abhydrolase Domain Containing 12
(ABHD12); kinesin family member 1B (KIF1B), periaxin (PRX); pleckstrin homology and RhoGEF domain containing
G5 (PLEKHGS5); senataxin (SETX); N-myc downstream regulated 1 (NDRG1); heat shock protein family B member 8
(HSPB8); DNA polymerase Gamma, catalytic subunit (POLG); SH3 domain and tetratricopeptide repeats (SH3TC2);
tyrosyl-tRNA synthetase (YARS); mitofusin 2 (MFN2); mediator complex subunit 25 (MED25); myotubularin related
protein 2 (MTMR2); SET binding factor 2 (SBF2); heat shock protein family B member 1 (HSPB1); dynamin 2
(DNM2); lipopolysaccharide induced TNF factor (LITAF); solute carrier family 12 member 6 (SLC12A6); early frowth
response 2 (EGR2); Rho guanine nucleotide exchange factor 10 (ARHGEF10); transient receptor potential cation
channel subfamily V member 4 (TRPV4); gigaxonin (GAN); sacsin molecular chaperone (SACS); member RAS
oncogene family (RAB7A); RhoGEF and PH domain containing 4 (FGD4); neurofilament Light (NEFL); serotrasferrin
receptor (TF); alpha-1-antitrypsin (SERPINA1); antithrombin-Ill (SERPINC1); alpha-2-HS-glycoprotein (AHSG);
clusterin (CLU); apolipoprotein E (APOE); gelsolin (GSN); apolipoprotein A1 (APOA1); vitamin D-binding protein
(GC); plasminogen (PLG); complement factor B (CFB); apolipoprotein A-IV (APOA4); haptoglobin (HP); complement
component C6 (C6), fibrinogen gamma chain (FGG); vitronectin (VTN); kininogen-1 (KNG1); afamin (AFAM); alpha-
1-B glycoprotein (A1BG); immunoglobulin Kappa constant (IGKC).
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Taking together the results from table 8 and Figure 13, gelsolin was the only
protein that has a direct interaction with some genes with similar phenotype to PMP22
and also differential expression in mild CMT/Control and severe CMT/Control 2D-DIGE
experimental groups. Moreover, Paunio et. al. detected altered gelsolin levels in
serum from patients with familial amyloidosis, Finnish type, when compared with
serum of healthy subject **°.

Therefore, we decided to perform experimental analysis with the aim of confirm
differential expression of gelsolin observed in 2D-DIGE experiments. Enzyme-Linked
Immunoassays (ELISA) were performed to detect levels of this protein in plasma
samples of mild CMT1A patients, severe CMT1A patients and healthy subjects.
Concentration of gelsolin was normalized with the total concentration of proteins in
each sample. On the contrary to 2D-DIGE experiments we did not detect any
significant difference between the three groups analysed (Figure 14a). In addition, we
performed correlational analysis in order to determine if gelsolin levels showed a

dependence with age of subjects (Figure 14b) as occurs in familial amyloidosis, Finnish
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Figure 14. Gelsolin levels in plasma samples of CMT1A patients and healthy subjects analysed by ELISA assays. a)
Gelsolin levels in mild CMT group (Mild), severe CMT group (Severe), and healthy subjects (Control). Results
represent mean + SD. b) Correlation between gelsolin levels and age in CMT1A patients (upper panel) and healthy
subjects (bottom panel).
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We detected a slight correlation between age and gelsolin levels in CMT1A
patients (r’= 0.5262) but not significant enough to confirm that there exists an
interdependence of gelsolin levels with age in patients (Figure 14b upper panel),
because only 52.62% of changes in gelsolin levels could be explained by age.
Furthermore, we analysed this correlation in samples from healthy controls. We
detected a correlation between gelsolin levels and age in control samples (r’= 0.6029;
figure 14b bottom panel) but as it was observed for patients, coefficients were not
significant enough to clearly confirm a correlation between gelsolin levels and age. As

220
l.

in the work by Paunio et. a , there was not strong data to confirm a correlation

between gelsolin levels and age in control samples.

4.72.Biomarkers in Friedreich’s ataxia

4.2.1. Epigenetic Biomarkers in different models of FRDA
4.2.1.1.  Identification of differentially expressed miRNAs using NGS

miRNA samples of three different human cell lines (fibroblasts, olfactory
mucosa stem cells, and frataxin deficient model in SH-SY5Y cell) were analysed by
NGS.

First, we performed an exploration of the expression levels of all miRNAs
in the three different human cell lines, and the analysis showed how these three
lines were separated from each other (Figure 15) according to miRNA expression
levels. Moreover, as presented in figure 15, olfactory mucosa stem cells from
patients (OFRDA1 and OFRDA2) showed similar expression levels of miRNAs
between them, and this expression pattern was different from control cell line
(OControl1). SH-SY5Y cell lines (pLKO) and frataxin deficient cell lines (FXN-138.1

and FXN-138.2) showed a similar behaviour than in stem cells.
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Figure 15. Multidimensional scale plot with all miRNAs and samples of fibroblasts (middle), olfactory mucosa stem
cells (left), and frataxin deficient model in SH-SY5Y cells (right). Expression levels of all miRNAs permit to
differentiate cell lines analysed, and also inside of each cell line those from patients or frataxin deficient model
from their respective control. Just one sample from human fibroblasts (FRDA2) was misclassified. Red colour
indicates samples from patients or frataxin deficient model; blue colour indicates samples from controls.

Finally, human fibroblasts samples of patients (FRDA1 and FRDA3)
presented different miRNAs expression levels when compared to control samples
(Control 1, Control 2, and Control 3). However, miRNA profiles of sample FRDA2
resembles more controls than the miRNA expression profiles showed by patients
FRDA1 and FRDA3. We analysed only fibroblasts samples and we observed that
FRDA2 showed similar miRNAs expression levels to control samples (Control 1 and
Control 2), instead of patient’s samples (FRDA1 and FRDA3). Also Control 3

showed different expression level of miRNAs to other controls (Figure 16).
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Figure 16. Multidimensional scale plot with all miRNAs and samples of fibroblasts. Expression levels of all miRNAs
permit to differentiate control samples (FRDA1 and FRDA2) from patient’s fibroblasts (FRDA1 and FRDA3). FRDA2
and Control 3 were misclassified. Red colour indicates samples from patients or frataxin deficient model; blue
colour indicates samples from control.

Differential expression analysis between FRDA samples and controls for
each cell line was performed. In olfactory mucosa stem cells, differential
expression analysis between samples from FRDA cells and controls showed
twenty-three miRNAs with differential expression: thirteen were downregulated
(hsa-let-7a-2-3p, hsa-miR-15a-3p, hsa-miR-140-5p, hsa-miR-301a-5p, hsa-miR-
24-2-5p, hsa-miR-27a-5p, hsa-miR-93-5p, hsa-miR-93-3p, hsa-miR-106b-5p, hsa-
miR-106b-3p, hsa-miR-7-1-3p, hsa-let-7d-3p, and hsa-miR-452-3p) and ten were
upregulated (hsa-miR-625-3p, hsa-miR-665, hsa-miR-127-3p, hsa-miR-370, hsa-
miR- 494, hsa-miR-134, hsa-miR-409-3p, hsa-miR-146a-5p, hsa-miR-31-5p, and
has-miR-31-3p; figure 17).
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Figure 17. Heat map of differential expressed miRNAs in samples of olfactory mucosa stem cells. Differential
expression oft-three miRNAs separate samples of olfactory mucosa stem cells from patients (red line) and
olfactory mucosa stem cells from control (blue line).

SH-SY5Y cell model showed thirty-six miRNAs with differential expression
between control (pLKO) and frataxin-deficient cell model (FXN-138.1 and FXN-
138.2), when differential expression analysis was performed (Figure 18).
Fourteen miRNAs showed reduced expression levels (hsa-miR-483-5p, hsa-miR-
483-3p, hsa-miR-19b-1-5p, hsa-miR-337-5p, hsa-miR-337-3p, hsa-miR-376a-3p,
hsa-miR-409-3p, hsa-miR-1247-5p, hsa-miR-1247-3p, hsa-miR-375, hsa-miR-296-
3p, hsa-miR-301b, hsa-miR-3200-3p, and hsa-miR-3619-5p) and twenty-two
showed increased expression levels (hsa-miR-34a-5p, hsa-miR-34a-3p, hsa-miR-
199a-3p, hsa-miR-181b-3p, hsa-miR-125b-5p, hsa-miR-125b-1-3p, hsa-miR-21-
5p, hsa-miR-21-3p, hsa-miR-26b-5p, hsa-miR-26b-3p, hsa-miR-26a-1-3p, hsa-let-
7g-3p, hsa-miR-218-5p, hsa-miR-218-1-3p, hsa-miR-182-5p, hsa-miR-183-5p, hsa-
miR-183-3p, hsa-miR-490-3p, hsa-miR-27b-3p, hsa-miR-500a-5p, hsa-miR-500a-
3p, and hsa-miR-500b).
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Figure 18. Heat map of differential expressed miRNAs in samples of SH-SY5Y cell models. Differential expressions
of thirty-six miRNAs separate samples of frataxin-deficient cell lines (red line) and pLKO control (blue line).

Finally, differential expression analysis in fibroblasts cell line showed that
seven MiRNAs separate patient’s fibroblasts from control’s fibroblasts; two
mMiRNAs (hsa-miR-3184-5p and hsa-miR-3529-3p) showed downregulated
expression levels and five miRNAs (hsa-miR-143-3p, hsa-miR-22-3p, hsa-miR-423-
3p, hsa-miR-532-5p, and hsa-miR-10b-5p) showed upregulated expression levels
(Figure 19).
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Figure 19. Heat map of differential expressed miRNAs in samples of fibroblasts. Differential expressions of seven
miRNAs separate samples of fibroblasts from patients (red line) and fibroblasts from control (blue line).

Afterwards, we looked for coincidences among miRNA profiles in three
cell lines studied (i.e. fibroblasts, olfactory mucosa stem cells and SH-SY5Y).

Comparing the expression profiles of fibroblasts and SH-SY5Y cell models
with their respective controls, we observed differential expression only for hsa-
miR-10b-5p in both cell types.

When miRNA profiles were compared between olfactory mucosa stem
cells an SH-SY5Y, hsa-miR-409-3p, hsa-miR-3117-3p, hsa-miR-106b-3p, hsa-let-
7a-2-3p, hsa-miR-15a-3p, and hsa-miR-106b-5p showed differential expression in
both cell lines. However, we did not observe any common miRNA between
fibroblasts and olfactory mucosa stem cells. In addition, we did not find any
miRNA, which was differentially expressed at the same time in each cell line versus

its control.
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4.2.1.2.  Validation of the differentially expressed miRNAs by RT-gPCR

In order to validate results from NGS by RT-gqPCR, four miRNAs were
selected by its expression profile (Table 9). These miRNAs were analysed in
olfactory mucosa stem cell line: control cell line (n=3) and patients (OFRDA1 and
OFRDA2; n=3 each); also in frataxin-deficient models: SH-SY5Y control (n=3), pLKO
control (n=3), FXN-138.1 (n=3), and FXN-138.1 (n=3); and finally, in fibroblasts cell
lines from FRDA patients (FRDA1, FRDA2, and FRDA3; n=2 each) and controls
(CONTROL 1, CONTROL 2, and CONTROL 3; n=2 each). Expression levels were
calculated for each miRNA using RNU-48 (small-nucleolar RNA 48) as an

221-223

endogenous control due to its previously reported use and its stable

threshold cycle (Ct) values in all the samples analysed by RT-qPCR.

Table 9. miRNAs selected as biomarkers for FRDA cell lines.

miRNA name Mature sequence Accession

hsa-miR-10b-5p | uacccuguagaaccgaauuugug | MIMAT0000254

hsa-miR-106b-3p | ccgcacuguggguacuugcuge MIMAT0004672

hsa-miR-106b-5p | uaaagugcugacagugcagau MIMAT0000680

hsa-miR-15a-3p | caggccauauugugcugccuca MIMAT0004488

Expression levels of selected miRNAs in olfactory mucosa stem cell
showed similar profile to those observed in NGS analysis. We found that miR-
106b-3p, MiR-106-5p, and miR-15a-3p showed decreased expression levels in
samples of patients (OFRDA1 and OFRDA2) compared to control samples
(OCONTROL) in both NGS and RT-gPCR analysis (Figure 20b, 20, and 20d,
respectively). However, increased levels for miR-10b-5p were detected in RT-
gPCR analysis, which were not observed by NGS analysis. Instead of that
decrement, we did not detect differences between patients and control samples

(Figure 20a).
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Figure 20. Relative expression levels of the miRNAs with different expression levels found in olfactory mucosa
stem cells. Levels of a) miR-10b-5p; b) miR-106b-3p; c) miR-106b-5p; d) miR-15a-3p in control cell line (OCONTROL;
n=3) and patients (OFRDA1 and OFRDA2; n=3 each). All results are represented as mean + SD. * indicates p-values
<0.05; ** indicates p-values <0.01; *** indicates p-values<0.0001.

In contrast, when we performed RT-gPCR analysis of frataxin-deficient

cell models we found a different expression profile than in NGS analysis. Only miR-

10b-5p results coincided with that obtained by NGS analysis in which miR-10b-5p

showed upregulated levels in both frataxin-deficient cell lines (FXN-138.1 and

FXN-138.2) compared to control cell lines (Figure 21a). We found that miR-106b-

5p and miR-15a-3p did not show differential expression between control cell line

and patient cell lines (Figure 21c and 21d, respectively). On the contrary to NGS

analysis, miR-106-3p showed decreased levels in frataxin-deficient cell lines

compared to control cell lines (Figure 21b).
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Figure 21. Relative expression levels of the miRNAs with different expression levels found in samples of SH-SY5Y
cell models. Levels of a) miR-10b-5p; b) miR-106b-3p; ¢) MmiR-106b-5p; d) miR-15a-3p in SH-SY5Y control (n=3),
pLKO control (n=3), and deficient frataxin cell lines FXN-138.1 and FXN-138.1 (Patients n=3). All results are
represented as mean + SD.* indicates p-values <0.05; ** indicates p-values <0.01.

Finally, validation analysis of miRNAs by RT-qPCR in fibroblasts cell lines
showed the same profile as in NGS analysis. We detected that miR-10b-5p showed
increased levels in fibroblasts from patients (FRDA1, FRDA2, and FRDA2) when we
compared that result with control cell lines (Control 1, Control 2, and Control 3),
as it is observed in NGS analysis (Figure 22a). Furthermore, we did not detect
differences between patients and controls in miR-106b-3p, miR-106-5p and

miR15a-3p, as occurs in NGS analysis (Figure 22b, 22c, and 22d).
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Figure 22. Relative expression levels of the miRNAs with different expression levels found in samples of fibroblasts
cell lines. Levels of a) miR-10b-5p; b) miR-106b-3p; c) miR-106b-5p; d) miR-15a-3p in control fibroblasts (Control1,
Control2, and Control3; n=3) and fibroblasts from FRDA patients (FRDA1, FRDA2, and FRDA3; n=3). All results are
represented as mean + SD. ** indicates p-values <0.01.

4.2.1.3.  Analysis of miRNA targets and pathways in the context of FRDA

With the aim of elucidating the role of those identified miRNAs in FRDA
physiopathology, we analysed biochemical networks that were regulated by these
post-transcriptional regulators. We performed a DIANA-miRPath v3.0 analysis and
a Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis in the
three cell lines, to look for significantly enriched pathways.

In olfactory mucosa stem cells, a total of sixty-six pathways with a false
discovery rate (FDR) of less than 0.05 were retrieved in the first study.
Nevertheless, we focused our analysis on pathways altered in FRDA
pathophysiology and identified nine relevant pathways, which are shown in table

10.
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Table 10. KEGG pathways targeted by differential expressed miRNAs in olfactory mucosa stem cell lines.

KEGG pathway KEGG CODE
Neurotrophin signalling pathway | hsa04722
PI3K/Akt signalling pathway | hsa04151
MAPK signalling pathway | hsa04010

mTOR signalling pathway | hsa04150
FoxO signalling pathway | hsa04068
HIF-1 signalling pathway | hsa04066
Insulin signalling pathway | hsa04910
p53 signalling pathway | hsa04550
TGF-beta signalling pathway | Hsa04350

We performed the same analysis in SH-SY5Y models of frataxin deficiency
and control cell lines, and we identified a total of seventy-three pathways,
targeted by differential expressed miRNAs, with FDR less than 0.05. We selected
sixteen relevant pathways from this list of pathways because they were involved
in FRDA physiopathology (Table 11).

Fibroblasts cell lines showed a total of fifty-three pathways in which exist
genes targeted by miRNAs with differential expression detected in our study.
From this list of pathways, twelve relevant pathways were involved in the context

of FRDA pathophysiology, which are shown in Table 12.
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Table 11. KEGG pathways targeted by differential expressed miRNAs in frataxin-deficient cell lines and controls

KEGG pathway KEGG CODE

Neurotrophin signalling pathway | hsa04722

PI3K/Akt signalling pathway | hsa04151

MAPK signalling pathway | hsa04010

mTOR signalling pathway | hsa04150

FoxO signalling pathway | hsa04068

HIF-1 signalling pathway | hsa04066

Insulin signalling pathway | hsa04910

p53 signalling pathway | hsa04115

TGF-beta signalling pathway | hsa04350

Fatty acid biosynthesis | hsa00061

Fatty acid metabolism | hsa01212

Fatty acid elongation | hsa00062

Ubiquitin mediated proteolysis | hsa04120

Protein processing in endoplasmic reticulum | hsa04141

Axon guidance | hsa04360

Huntington’s disease | hsa05016

Table 12. KEGG pathways targeted by differential expressed miRNAs in fibroblasts cell lines.

KEGG pathway KEGG CODE

Neurotrophin signalling pathway | hsa04722

PI3K/Akt signalling pathway | hsa04151

AMPK signalling pathway | hsa04152

mTOR signalling pathway | hsa04150

FoxO signalling pathway | hsa04068

Lysine degradation | hsa00310

Insulin signalling pathway | hsa04910

Huntington’s disease | hsa05016

TGF-beta signalling pathway | hsa04350

Fatty acid biosynthesis | hsa00061

Ubiquitin mediated proteolysis | hsa04120

Protein processing in endoplasmic reticulum | hsa04141
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As shown in tables 10, 11, and 12, there were many pathways in which
participate a high number of miRNAs with differential expression, common to the
three cell lines. Moreover, as we said previously, we performed NGS and RT-qPCR
of common miRNAs between all cell lines. For these reasons, we analysed
pathways targeted by these differentially expressed miRNAs shared between
three cell lines, and we identify forty-seven pathways. We listed in table 13, those
pathways containing targets of differentially expressed miRNAs, which are

relevant in Friedreich’s ataxia physiopathology.

Table 13. KEGG pathways targeted by differential expressed miRNAs in all cell lines.

KEGG pathway KEGG CODE
Neurotrophin signalling pathway | hsa04722
P53 signalling pathway | hsa04115
AMPK signalling pathway | hsa04152
mTOR signalling pathway | hsa04150
FoxO signalling pathway | hsa04068
Lysine degradation | hsa00310
Insulin signalling pathway | hsa04910
MAPK signalling pathway | hsa04010
TGF-beta signalling pathway | hsa04350

Fatty acid biosynthesis | hsa00061
Ubiquitin mediated proteolysis | hsa04120

Protein processing in endoplasmic reticulum | hsa04141

In our analysis, we found that miR-10b-5p and miR15a-3p regulates fatty
acid synthase (FASN). Adipose acyl-CoA synthetase-4 (ACSL4) is targeted by miR-
106b-3p, hence molecular pathways such as B-oxidation and fatty acid
metabolism may be regulated by these miRNAs with altered expression (Figure
23). Other pathway detected in our analysis showed that miR-106b-5p regulates
ERO1-like protein alpha (ERO1LA) and ERO1-like protein beta (ERO1LB). Both
proteins are targets of miR-106b-5p, thus controlling protein folding and oxidative

stress levels in endoplasmic reticulum. Moreover, Glucose-6-phosphatase
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catalytic subunit (G6PC) gene, involved in insulin-signalling pathway, is targeted

by miR-10b-5p.
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Figure 23. Overexpression of miRNAs in plasmas from FRDA patients downregulate their target mRNAs.
Phosphatase and tensin homolog (PTEN), Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), 3-
phosphoinositide-dependent protein kinase 1 (PDK1), Protein kinase B (AKT), Forkhead box 3 (FOX03), mammalian
target of rapamycin complex 1 (mTORC1), 5'-AMP-activated protein kinase catalytic subunit alpha-1 (AMPK), Fatty
acid synthase (FASN), Long-chain-fatty-acid--CoA ligase 1 (ACSL1).

Other pathway that we found in our analysis was neurotrophin-signalling
pathway. This pathway plays an important role in neural degeneration in FRDA
context. We observed that Neurotrophic Receptor Tyrosine Kinase 2 (NTRK2) is
targeted by miR-10b-5p, which expression levels were upregulated in SH-SY5Y
frataxin-deficient cell lines compared with control SH-SY5Y cell lines. Thus,
increased levels of miR-10b-5p might reduce NTRK2 receptor levels and alter
development and maturation of the nervous system regulating neuron survival,
proliferation, migration, differentiation, and synapse formation and plasticity.

AMPK signalling pathway was one of the most relevant pathways
analysed. In this pathway, we found that AMPK gene was targeted by miR-106b-
5p and Forkhead box protein 3 (FOX03) gene was targeted by miR-10b-5p. AMPK
is a protein also involved in mTOR signalling pathway, an important mechanism
that is modulated in FRDA. Moreover, our analysis found that the AKT gene was

regulated by miR-106b-5p and miR-15a-3p, 3-phosphoinositide-dependent
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protein kinase 1 (PDK1) was targeted by miR-106b-5p and miR-10b-5p, and PTEN

(phosphatase and tensin homolog) is targeted by miR-106b-5p (Figure 23).
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Figure 24. Relative expression levels of the F-box only protein 32 (FBX032) gene found in samples of three cell
models. Levels of FBX0O32 in a) Olfactory mucosa stem cell of control (OControl) and olfactory mucosa stem cell
of patients (OFRDA1 and OFRDA?2); b) SH-SY5Y control (Control; n=3), pLKO control (pLKO; n=3), and deficient
frataxin cell lines FXN-138.1 and FXN-138.1 (Patients n=3 each); c) control fibroblasts (Controll, Control2, and
Control3; n=3) and fibroblasts from FRDA patients (FRDA1, FRDA2, and FRDA3; n=3). All results are represented
as mean £ SD.** indicate p-values <0.01. *** indicate p-values<0.0001.

FOXO3 gene was involved in some pathways that we previously
described. FOXO3 protein is a transcription factor involved in regulation of
proteins that have a role in different pathways, such as regulation of muscle
atrophy and hypertrophy targeting F-box protein 32 (FBXO32) gene, also known
as atrogin-1 gene. As we describe above, FOXO3 was a target of miR-10b-5p, and
this miRNA was upregulated in cell lines of patients (fibroblasts and olfactory
mucosa stem cell) and frataxin-deficient cell lines (SH-SY5Y), when we compared

to control cell lines. So, we decided to analyse FBXO32 in all cell lines. Surprisingly,
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instead of a downregulation expected by the regulation of FOXO3 by miR-10b-5p,
elevated levels of atrogin-1 gene in fibroblasts and olfactory mucosa stem cells
from patients and frataxin-deficient (SH-SY5Y) cell lines were observed compared

to control cell lines (Figure 24).

4.2.2. Epigenetic Biomarkers in human plasma
4.2.2.1.  Clinical description of FRDA patients

Twenty-Five Caucasian FRDA patients from different families were
enrolled in this study, all had their diagnosis confirmed by genetic testing.
Participants with neoplastic diseases and active infection were excluded. Thirteen
patients were men (52%), and the mean age of the group was 38 years. Table 14
shows the clinical characteristics of the patients participating in the study. Eight
FRDA patients (32%) had also been diagnosed with cardiomyopathy. This
diagnosis did not appear in the clinical records of the remaining 17 participants at
the time of the study.

This study also included 25 healthy controls with no neoplastic diseases,
active infection, cardiomyopathy, heart problems, hypertension, or diabetes. Of
these healthy volunteers, 13 were men (52%), and the mean age of the group was

39 years (range: 16-68 years).

Table 14. Demographic and clinical features.

Patients (N) 25

Sex (M/F) 13 (52%) / 12 F (48%)
Age (mean/range) 39 years (16-68)
Age at onset (mean/range) 16 years (6-38)
Disease duration (mean/range) 22 years (8-35)
Expanded CAG repeats in the larger allele (mean/range) 665 (25-1185)
Punctuation SARA scale (average /range) 26,27 (9-37)
Diabetes (N/%) 5(20%)
Smokers (N/%) 4 (16%)
Cardiomyopathy (N/%) 8 (32%)
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4.2.2.2.  Identification of differentially expressed miRNAs using NGS

We analysed miRNA samples from 25 FRDA patients and 17 healthy
controls using next-generation sequencing. A preliminary exploration of the
expression levels of all miRNAs showed that patient and control samples were
well separated with the exception of five patients (corresponding to P.28, P.37,

P.38, P.41 and P.43, Figure 25).
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Figure 25. Multidimensional scale plot with all miRNAs and samples. The first component separates most of the
patients (red) from the controls (black). However, 5 patients are misclassified (P.28, P.37, P.38, P.41y P.43).

Differential expression analysis between patients and controls showed
differential expression of 164 miRNAs between the two groups (false discovery
rate < 0.05): 110 miRNAs were upregulated and 54 downregulated in samples
from patients compared to controls. Among them we found 26 miRNAs with a
false discovery rate (FDR) of less than 1e-4 and 12 with a correlation level lower
than 0.7 (Figure 26). A LASSO logistic regression model with binomial distribution

was fitted with 12 variables and 42 observations (considering all the samples). The
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minimum leave-one-out cross-validation error was 0.071. The miRNAs identified
at the optimal value were hsa-miR-128-3p, hsa-miR-625-3p, hsa-miR-130b-5p,
hsa-miR-151a-5p, hsa-miR-330-3p, hsa-miR-323a-3p, and hsa-miR-142-3p. These

seven miRNAs were upregulated in patients compared to controls (Figure 27).
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Figure 27. Volcano plot of differentially expressed human mature miRNAs in FRDA patients versus controls.
Vertical lines indicate the threshold for a relative expression fold change (FC) of 2 or -2 fold compared to controls.
The horizontal line represents the threshold of a 0.05 FDR value. The red and blue points lying in the top right and
top left sectors are significantly up-regulated and down-regulated, respectively in patient versus control samples
(FDR <0.05, FC 22 or <-2). Selected miRNAs by LASSO and cross validation are labelled.

4.2.2.3.  Validation of the differentially expressed miRNAs by RT-gPCR

The seven differentially expressed miRNAs detected by NGS were
validated by RT-qPCR (Table 15). We analysed these miRNAs in the 25 FRDA
patients and in the 25 controls (comprising 17 sequenced samples plus 8
additional controls). The two groups were matched by age, sex and race. We
calculated relative expression levels for each miRNA, using hsa-miR-16-5p as an
endogenous control due to its stable counts and threshold cycle (Ct) values in all
the samples analysed by NGS and RT-gPCR, respectively. We detected a Ct of less
than 39 in all miRNAs, with the exception of miR-130b-5p and miR-142-3p (Ct <
41). All miRNAs were present in plasma at higher levels in patients compared to
healthy controls, in agreement with the results obtained by small RNA sequencing
(Figure 28). The same differences were observed when we performed the analysis
taking sex and age into account (all p-values less than 0.05; appendix tables 3 and

4).
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Figure 28. Relative expression levels of the miRNAs with different representation found in plasma of FRDA patients

compared to control healthy subjects. Box plot of plasma levels of a) miR-128-3p (p<0.0001); b) miR-625-3p

(p=0.0264); c) miR-130b-5p (p<0.0001); d) miR-151a-5p (p<0.0001); e) miR-330-3p (p<0.0001); f) miR-323a-3p
(p<0.0001); and g) miR-142-3p (p<0.0001) in healthy normal subjects (Controls) (n=25) and FRDA patients (n=25).
Expression levels of the miRNAs are normalized to miR-16. The lines inside the boxes denote the medians. The
boxes mark the interval between the 25th and 75th percentiles. The whiskers denote the interval between the
10th and 90th percentiles. Filled circles indicate data points outside the 10th and 90th percentiles. Statistically
significant differences were determined using Mann-Whitney tests. All P-values were two-sided and less than 0.05
was considered statistically significant.

Receiver operating characteristic (ROC) curve analyses performed to

evaluate the diagnostic value of the seven circulating miRNAs revealed that all of

them could be used to distinguish FRDA cases from healthy controls. The area
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under the ROC curve (AUC), standard error, 95% confidence interval (Cl), fold
change cut-off value, sensitivity and specificity for each miRNA are shown in Table
16. Of the seven miRNAs analysed to elucidate their potential as biomarkers for
FRDA diagnosis, miR-151a-5p showed the best ROC curve parameters (AUC=0.88,
sensitivity=92.0%, specificity=80.0%).

Table 16. Area under ROC curves and standard error, and confidence interval (95%). Values for
sensitivity, specificity and fold change optimal cut-off value.

miRNA AUC Standard 95% Cl Fold Change Sensitivity  Specificity

error optimal cut- (%) (%)
off value
miR-128-3p | 0.853 0.069 0.742-0.963 1.50 84.0 72.7
miR-625-3p | 0.685 0.078 0.532-0.839 2.17 72.0 54.5
miR-130b-5p | 0.895 0.046 0.805-0.984 2.80 92.0 72.7
miR-151a-5p | 0.882 0.052 0.779-0.984 1.85 92.0 80.0
miR-330-3p | 0.844 0.060 0.727-0.961 2.21 84.0 72.7
miR-323a-3p | 0.802 0.069 0.666-0.938 1.48 88.0 72.7
miR-142-3p | 0.847 0.058 0.734-0.961 2.14 88.0 72.7
4.2.2.4.  miRNA expression for phenotypical characterization of FRDA patients
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In a second approach, we analysed the expression of these seven miRNAs
in plasma samples taken from the FRDA patients (n=25). This approach was
selected in order to identify specific miRNA signatures corresponding to
phenotypic and clinical features of FRDA. The patients were divided into
subgroups according to sex, age, and comorbidities (diabetes and
cardiomyopathy). We did not observe any significant differences in miRNA
expression for sex, age, and diabetes. However, we found that miR-323a-3p was
significantly upregulated in FRDA patients suffering of cardiomyopathy (n=8) in

comparison with the remaining FRDA patients (n=17; table 17).
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Table 17. Expression levels of selected miRNAs in FRDA cases. Fold change (FC); Standard deviation (SD)
*Statistically significant differences were determined using Mann-Whitney tests. All P-values were two-sided and
less than 0.05 was considered statistically significant.

miRNA Cardiomyopathy P value*
Yes (n=8) No (n=17)
FC (SD) FC (SD)
miR-128-3p 5.02 (3.49) 7.07 (9.82) >0.05
miR-625-3p | 13.72(29.55) | 29.55 (63.14) >0.05
miR-130b-5p | 28.43(39.70) | 40.49 (47.31) >0.05
miR-151a-5p 9.38 (9.64) 9.24 (7.00) >0.05
miR-330-3p | 12.19(17.51) | 17.51(28.10) >0.05
miR-323a-3p 4.82 (3.52) 2.56 (1.35) 0.048
miR-142-3p | 23.35(25.14) | 20.43 (36.26) >0.05
4.2.2.5. miR-323a-3p is a biomarker for diagnosis of the use of cardiomyopathy
in FRDA

We performed the chi-squared test to test the association between
miRNA-323a-3p fold change and cardiomyopathy, we found that of the eight
FRDA patients with cardiomyopathy, seven (87.5%) showed a fold change above
2.5, and of those not affected by cardiomyopathy, just 41.2% presented a fold
change value above 2.5 (p=0.048). In order to explore the value of this miRNA as
a biomarker for cardiomyopathy, we studied the coefficient of variation (CV) for
miR-323a-3pina) 17 controls from our sequencing data study, b) 27 controls from
an aortic stenosis circulating miRNA profile analysis***, and c) seven controls from
a study on miRNA analysis in adverse prognosis of myelodysplastic syndromes
(https://www.ebi.ac.uk/arrayexpress/arrays/A-GEOD-18402/?ref=E-GEOD-
76775). The CVs for miR-323a-3p in each analysed dataset were 0.38, 0.34 and
0.04, respectively. While the CVs of the first two datasets were similar, dataset c)
gave a markedly lower value. This could be due to the smaller sample size of the
third dataset in comparison with the other two, which would logically result in

lower variability in expression levels.
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Taking into account the sample size of each dataset and the nature of
the data (human circulating miRNAs), we concluded that the miR-323a-3p CV in
our control group was acceptable for assessing possible differences in expression
among patient samples.

Afterwards, to examine the potential use of miR-323a-3p as a biomarker
for cardiomyopathy in FRDA cases, we constructed the corresponding ROC curve,
finding differences in miR-323a-3p fold change in FRDA patients with and without
cardiomyopathy. We calculated the optimal cut-off value for the fold change as

2.79. Sensitivity and specificity were 88.9% and 62.5%, respectively, and the AUC
was 0.75 (p=0.042) (Figure 29).
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Figure 29. Area under curve of receiver operating characteristic (ROC) for miR-323a-3p.

4.2.2.6.  Analysis of miRNAs targets and pathway study in the context of FRDA

In order to clarify the role of the identified miRNAs in FRDA, we analysed
biochemical networks that were regulated by our seven validated miRNAs. We
carried out a DIANA-miRPath v3.0 analysis and a Kyoto Encyclopaedia of Genes
and Genomes (KEGG) pathway analysis to look for significantly enriched
pathways. A total of 41 pathways with an FDR of less than 0.05 were retrieved in

the first study. However, we focused our analysis on targets of selected miRNAs
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in the context of FRDA pathophysiology and identified 12 relevant pathways,

which are shown in Table 18.

Table 18. KEGG pathways targeted by differential expressed miRNAs in FRDA.

KEGG pathway KEGG CODE
Fatty acid biosynthesis | hsa00061
Lysine degradation | hsa00310
Arrhythmogenic right ventricular cardiomyopathy (ARVC) | hsa05412
Central carbon metabolism in cancer | hsa05230
AMPK signalling pathway | hsa04152
mTOR signalling pathway | hsa04150
Ubiquitin mediated proteolysis | hsa04120
FoxO signalling pathway | hsa04068
Fatty acid metabolism | hsa01212
HIF-1 signalling pathway | hsa04066
Insulin signalling pathway | hsa04910

Signalling pathways regulating pluripotency of stem cells | hsa04550

As we previously said, one of the most relevant pathways found is AMPK
signalling, in which genes such as FOXO1 and AMPK are directly targeted by miR-
625 and miR-130b-5p. An important mechanism that is modulated in FRDA is the
mTOR signalling pathway, in which a crosstalk protein AMPK is also involved in.
Our analysis found that phosphatase and tensin homolog (PTEN) was a target of
miR-151-5p and miR-625-3p. Interestingly, PTEN antagonizes PI3K. As a result, the
downregulation of PTEN may increase phosphatidylinositol (3,4,5) triphosphate
(PIP3) and produce subsequent activation of AKT. Our results also demonstrate
the relevance of miR-625-3p regulating the HIF-1a signalling pathway, which plays

a crucial role in ATP and ROS production®®

. In addition, 3-phosphoinositide-
dependent protein kinase 1 (PDK1), pyruvate dehydrogenase alpha 1 (PDHA1) and
lactate dehydrogenase A (LDHA) are regulated by miR-130b-5p; also miR-330-3p
downregulates muscle pyruvate kinase (PKM) and transferrin receptor gene

(TFRC) (Figure 30).
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In our analysis, we found that miR-130b-5p regulates fatty acid synthase
(FASN) and miR-142-3p targets adipose acyl-CoA synthetase-1 (ACSL1), thus

regulating molecular pathways such as fatty acid metabolism and B-oxidation

(Figure 30).
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Figure 30. Overexpression of miRNAs in plasmas from FRDA patients downregulate their target mRNAs.
Phosphatase and tensin homolog (PTEN), Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), 3-
phosphoinositide-dependent protein kinase 1 (PDK1), Protein kinase B (AKT), Forkhead box (FOXO), mammalian
target of rapamycin complex 1 (mTORC1), Hypoxia-inducible factor 1-alpha (HIF1a), Transferrin receptor (TFRC),
L-lactate dehydrogenase A chain (LDHA), Ataxia telangiectasia mutated (ATM), 5'-AMP-activated protein kinase
catalytic subunit alpha-1 (AMPK), Cellular tumour antigen p53 (p53), Fatty acid synthase (FASN), Long-chain-fatty-
acid--CoA ligase 1 (ACSL1), Pyruvate dehydrogenase E1 component subunit alpha (PDHA1).

Other pathway analyses revealed that the insulin-signalling pathway is also
targeted by miRNA candidates. In fact, glycogen synthase kinase 3 beta (GSK3p)
is regulated by both miR-130b-5p and miR-625-3p. Finally, Wnt/B-catenin
signalling related genes such as catenin (CTNNB1) and calcium-transporting
ATPase sarcoplasmic reticulum type (ATP2A) are targets of some miRNAs:
CTNNB1 is targeted by miR-151-5p and miR-625-3p and ATP2A2 is targeted by
miR-142-3p, miR-323a-3p, and miR-151a5p.
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4.2.2.7. Validation of circulating miRNAs in cell lines models

In order to identify the relevance of some miRNAs as potential
contributors in FRDA disease mechanisms, we tested their expression in cell line
models.

Expression analysis of our seven miRNAs in olfactory mucosa stem cells
showed increased levels in FRDA’s cell lines (OFRDA1 and OFRDA2) in case of miR-
323a-3p (Figure 30g), as we observed in plasma miRNAs analysis. However, miR-
625-3p, MiR-128-3p, miR-151b-5p, and miR-142-3p did not present differences in
their expression levels when we compared control and patients cell lines (Figure
31b, 31c, 31e, and 31f, respectively). On the contrary to plasma miRNAs analysis,
we detected decreased levels of miR-330-3p and miR-130b-5p (Figure 31a and

31d, respectively).
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Figure 31. Relative expression levels of the miRNAs with different expression levels found in olfactory mucosa
stem cells. Levels of a) miR-330-3p; b) miR-625-3p; ¢) miR-128-3p; d) miR-130b-5p; e) miR-151a-5p; f) miR-142-
3p; and g) miR-323a-3p in control cell line (OCONTROL; n=3) and patients (OFRDA1 and OFRDA2; n=3 each). All
results are represented as mean + SD.* indicates p-values <0.05.
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SH-SY5Y cell models were analysed in order to find relevance of
circulating miRNAs. In agreement with plasma miRNAs results, we observed
increased expression levels of miR-330-3p and miR-323a-3p in frataxin-deficient
cell lines FXN-138.1 and FXN-138.2 (Patients) compared with control cell lines
(Figure 32a, and 32g, respectively). However, we did not detect differences in
expression levels between frataxin-deficient cell lines and control cell lines of miR-
625-3p, MiR-128-3p, mMiR-130b-5p, MiR-151b-5p, and miR-142-3p (Figure 32b,
32c, 32d, 32e, and 32f, respectively).
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Figure 32. Relative expression levels of the miRNAs with different expression levels found in samples of SH-SY5Y
cell models. Levels of a) miR-330-3p; b) miR-625-3p; ¢) miR-128-3p; d) miR-130b-5p; €) miR-151a-5p; f) miR-142-
3p; and g) miR-323a-3p in SH-SY5Y control (n=3), pLKO control (n=3), and deficient frataxin cell lines FXN-138.1
and FXN-138.1 (Patients n=3). All results are represented as mean + SD.* indicates p-values <0.05; ** indicates p-
values <0.01.

Finally, miRNAs overrepresented in plasma were analysed in fibroblasts
cell lines. miR-625-3p, miR-128-3p, miR-130b-5p, miR-151b-5p, miR-142-3p, and
miR-323a-3p (Figure 33b, 33c, 33d, 33e, 33f, and 33g, respectively) did not show

differences in expression levels when we compared fibroblasts from patients
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(FRDA1, FRDA2 and FRDA3) and fibroblasts from control (Control 1, Control 2, and
Control 3) cell lines, in disagreement with circulating miRNAs analysis in plasma.
Moreover, miR-330-3p presented decreased levels in patient’s fibroblasts when
we compared with control’s fibroblasts, just on the contrary to plasma miRNAs

analysis (Figure 33a).
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Figure 33. Relative expression levels of the miRNAs with different expression levels found in samples of fibroblasts
cell lines. Levels of a) miR-330-3p; b) miR-625-3p; c) miR-128-3p; d) miR-130b-5p; ) miR-151a-5p; f) miR-142-3p;
and g) miR-323a-3p in control fibroblasts (Controll, Control2, and Control3; n=3) and fibroblasts from FRDA
patients (FRDA1, FRDA2, and FRDA3; n=3). All results are represented as mean + SD.* indicates p-values <0.05.

4.2.2.8. Validation of the pathway in cell lines

In order to determine the importance of these miRNAs in the pathways
analysed, we performed analysis of genes targeted by miRNAs. We focused our
analysis on miR-330-3p, due to its differential expression levels in all cell lines and
also in mir-130b-5p because of miRpath analysis identified this miRNA as having
one of the largest numbers of gene targets in the selected pathways. For this
reason, we analysed the gene expression of two targets of mir-130b-5p, Lactate

Dehydrogenase A (LDHA) and Pyruvate Dehydrogenase Alpha 1 (PDHA1) and two
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targets of mir-330-3p, Forkhead box O1 (FOXO1), and Manganese superoxide
dismutase (SOD2).

Despite the fact that decreased levels of miR-130b-5p and miR-330-3p
were detected in olfactory mucosa stem cell from patients (OFRDA1 and OFRDA2)
compared with those from control (OCRONTROL; figure 31a and 31d,
respectively), we did not observe differences in LDHA, PDHA1, and SOD2 gene
expression (Figure 34a, 34b, and 34d). Unexpectedly, FOXO1 expression levels

were downregulated in patient’s cell lines compared with control cell lines (Figure

34c).
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Figure 34. Relative expression levels of miR-130b-5p and miR-330-3p targeted genes in olfactory mucosa stem
cells. Levels of a) Lactate Dehydrogenase A (LDHA) gene; b) Pyruvate Dehydrogenase Alpha 1 (PDHA1) gene; c)
Forkhead box O1 (FOXO1) gene; and d) Manganese superoxide dismutase (SOD2) gene in control cell line
(OCONTROL; n=3) and patients (OFRDA1 and OFRDA2; n=3 each). All results are represented as mean + SD.*
indicates p-values <0.05.

We performed gene expression analysis of miR-130b-5p and miR-330-3p

targets in FXN-silenced SH-SYHY cell models. LDHA gene expression levels did not
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present differences between frataxin-deficient cell lines (FXN-138.1 and FXN-
128.2) compared with control cell lines (Figure 35a). This results agrees with non-
differences observed in miR-130b-5p expression levels (Figure 32d). However,
PDHA1 gene expression was upregulated in FXN-cell lines when we compared
with controls (Figure 35b). Although miR-330-3p levels were uploaded in FXN-
deficient cell lines compared with control cell lines (Figure 32a), SOD2 gene
showed upregulated expression levels in FXN-cell lines (Figure 35d). Interestingly,
we observed decreased expression levels of FOXO1 in FXN-silenced cell lines
compared with the control line (Figure 35c). However, we also detected
decreased FOXO1 gene expression levels in the pLKO negative control. This may
indicate that FOXO1 gene expression levels were affected by the pLKO vector used

in FXN-silenced cell line.
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Figure 35. Relative expression levels of miR-130b-5p and miR-330-3p targeted genes in samples of SH-SY5Y cell
models. Levels of a) Lactate Dehydrogenase A (LDHA) gene; b) Pyruvate Dehydrogenase Alpha 1 (PDHA1) gene; c)
Forkhead box 01 (FOXO1) gene; and d) Manganese superoxide dismutase (SOD2) gene in SH-SY5Y control (n=3),
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represented as mean + SD.* indicates p-values <0.05.

-121



Results

Finally, FOXO1, and SOD2 gene expression levels did not show
differences in fibroblasts from patients (FRDA1, FRDA2 and FRDA3) when we
compared with control (Control 1, Control 2, and Control 3) cell lines (Figure 36b,
36d) even though mir-330-3p presented decreased levels (Figure 34a). On the
other hand, we did not observed differences in PDHA1 gene expression levels
(36b) as could be expected for non-differences in miR-130b-5p expression levels
(Figure 33d). Interestingly, we observed that LDHA gene showed decreased levels
in fibroblasts from patients compared with fibroblasts from control cell lines

(Figure 36a).
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Figure 36. Relative expression levels of miR-130b-5p and miR-330-3p targeted genes in samples of fibroblasts cell
lines. Levels of a) Lactate Dehydrogenase A (LDHA) gene; b) Pyruvate Dehydrogenase Alpha 1 (PDHA1) gene; c)
Forkhead box O1 (FOXO1) gene; and d) Manganese superoxide dismutase (SOD2) gene in control fibroblasts
(Control1, Control2, and Control3; n=3) and fibroblasts from FRDA patients (FRDA1, FRDA2, and FRDA3; n=3). All
results are represented as mean + SD.* indicates p-values <0.05.
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Neuromuscular disorders show a heterogeneity and low frequency that
challenge researchers to look for new effective diagnostic and treatment strategies.
Specifically, the absence of reliable and monitorable clinical outcome measurements
made more difficult to evaluate clinical trials of new therapies. Biomarkers could help
researchers and clinicians in this issue, discovering the physiopathological
mechanisms associated to such as diseases and playing a role as monitoring markers
for response to drug treatment, progression and prognosis. Moreover, biomarkers
could be useful for better stratification of patient cohorts thanks to a more accurate
diagnosis and prognosis prediction.

Continuous development of high-throughput technologies involving genomics,
transcriptomics and proteomics has increased the discovery of biomarkers. In this
thesis, we use high-throughput technologies in order to find new biomarkers in two

neurodegenerative diseases: Charcot-Marie-Tooth disease and Friedreich ataxia.

5.1. Biomarkers in Charcot-Marie-Tooth

5.1.1. Oxidative stress biomarkers

In this study, we analysed oxidative stress protein markers, such as
carbonylation and nitrosylation, levels of lipoperoxidation using malondialdehyde
(MDA), total antioxidant capacity, total glutathione (GSH) and the ratio between
reduced GSH and its oxidized form (GSSG). Increased carbonylated protein levels had
been observed in patients of multiple sclerosis®*® and triple transgenic Alzheimer mice
models **’, being considered a good clinical marker for oxidative stress. However, we
did not find differences in the three groups analysed (i.e. mild CMT patients, severe
CMT patients, and controls). Moreover, nitrosylated protein levels did not show
differences in a GDAP1 fly model**® as we observed in our data. Increased MDA levels
were observed in people suffering other neurodegenerative disorders such as

Friedreich’s ataxia®*’

, nevertheless we did not detect differences in CMT patients.
Interesting results of decreased total antioxidant capacity were observed in an
Alzheimer disease rat model**° that correlates well with increased oxidative stress, as
described above. On the contrary, we did not observe significant changes in this total

antioxidant capacity between the groups analysed. Finally, glutathione levels and
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GSSG/GSH ratio showed no differences in our analysis as occurred in young flies with
deficient GDAP1 gene. In old flies, higher proportion of GSH than GSSG were found®?.
Taking all these results together, it seems that oxidative stress markers are not present
in plasma of CMT1A patients, in contrast to what has been described in other

neurodegenerative diseases, such as Alzheimer disease.

5.1.2. Proteomic biomarkers

With the aim of searching for new biomarkers in CMT, we performed 2D-DIGE
analysis and subsequent identification of differentially expressed proteins in plasma
from CMT patients (i.e. mild CMT patients and severe CMT patients) compared with
healthy subjects. We identified twenty proteins (Table 8) with differential expression.
Furthermore, the interactome showed those proteins which were phenotypically or
functionally more related to PMP22 (Figure 13). In this regard, gelsolin was
differentially expressed in mild CMT patients and severe CMT compared to controls.
Looking at the interactome, gelsolin seems to be related with PMP22 through some
genes with similar phenotype to PMP22. Previous results detected decreased levels of
gelsolin in serum from patients with familial amyloidosis, Finnish type, when

compared with serum of healthy subject **°

. Thus, we evaluated levels of gelsolin in
plasma from the three groups studied (i.e. mild CMT patients, severe CMT patients,
and controls). We did not observe any differences among them; also we did not find
any correlation between age and gelsolin levels in CMT patients. These results suggest
that gelsolin is not suitable for a biomarker of CMT disease. However, it is important
to bear in mind that other possibility is that the stratification of CMT patients by using
CMTN’s scale could be not appropriate for phenotype characterization. In this regard,
we used CMTN’s scale to identify mild and severe patients but some of them could be
misclassified, thus including some of them in an erroneous group. Therefore, new less
subjective clinical scales should be developed. On the other hand, it is also possible
that the results obtained by the ELISA kits commercially available are not reproducible
enough when compared with values obtained by different lots of the kit. So, it might

be possible that variability from CMTN’s scale plus variability of results obtained from

ELISA kit may have produced false negative results in our analysis.
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Further proteins were detected in the proteomic analysis performed in plasma
samples from CMT1A patients. One of these proteins that looks interesting was
vitamin D binding protein (VDBP). This protein can bind different molecules, but its
main role is as actin scavenger in extracellular fluids. In addition, increased levels of
VDBP has been described in patients with Alzheimer’s disease and postulated as a
possible biomarker of dementia **'. Importantly, this protein has been described as
one of eight biomarkers in cerebrospinal fluid for Parkinson’s disease ***.

Other remarkable protein is plasminogen. This zymogen is converted into
plasmin protease by tissue plasminogen activator, and degrades fibrin and other
extracellular proteins®®®. Diverse studies show that this protein participates in

different processes in nervous system?**%*

. Furthermore, people with amyloid
polyneuropathy showed decreased levels of plasminogen®® as we observed in sample
patients in our proteomic analysis.

Alpha-1-antitrypsine was observed with altered levels in patients of multiple
sclerosis®’**® however other studies did not show differences in alpha-1-antitrypsine

239,240
levels™

. Moreover, to these controversial results in multiple sclerosis, elevated
levels of alpha-1-antitrypsine have been linked to patients with Alzheimer’s disease®*".

Antithrombin Il is an inhibitor of thrombin protein, its main role is related to
anticoagulation. High levels of thrombin promote apoptotic cell death in nervous

system”*?,

For this reason, regulation of thrombin levels by antithrombin Il is
important in neuroprotective processes.

Other proteins with differential expression that we observed in our analysis
were fibrinogen gamma (FGG) and vitronectin (VTN). Increased levels of vitronectin
has been reported in endoneurium (part of peripheral nerve) of mostly CMT1 patients

nerve biopsies **

. Also, FGG forms together with FGG and fibrinogen beta (FGB) and
fibrinogen alpha (FGA) the matrix of fibrin. Mutations in FGA produce an insoluble
matrix which is associated with hereditary renal amyloidosis and peripheral

neuropathy ***

. In addition, altered levels of FGG were reported in patients with
Parkinson’s disease **. Interestingly, mRNAs of these proteins in endoneurium of
nerve biopsies were not found. Furthermore, it has been described that the expression

of VTN and fibrinogen in the nerve is restricted to perineurium and blood vessels. So,
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our decreased levels of VTN and FGG in plasma could be associated to an increased
deposition of vitronectin in blood-nerve barrier **°.

Complement factor B and complement component 6 (C6) are proteins which
were also detected in our analysis. These proteins are components of immune
response. Little is known about complement factor B and neurodegenerative diseases,
however some reports propose the implication of complement complex in

247298 £ rthermore, C6 deficient rabbits showed

demyelination of peripheral nerves
typical neural phenotypical features of human neuroaxonal dystrophies®*.
Lipoprotein metabolism has been implicated in many neurodegenerative
diseases. In our study, we observed differential expression in apolipoprotein E (APOE),
apolipoprotein A1 (APO A1), clusterin (CLU; also known as apolipoprotein J), and
apolipoprotein A4 (APO A4) lipid transporter proteins. Lower levels of APO Al were
described in people with Parkinson’s disease®® which correlate with dopaminergic
system vulnerability ! and earlier age at Parkinson’s disease onset and greater motor
severity>>. Also, increased levels of APO Al consequence of -75G/A promoter
polymorphism in people with multiple sclerosis are associated with cognitive

253

performance””. Elevated risk of Alzheimer’s disease has been related with low levels

of APO Al and APO A4%*. It has been described that mice with fatty liver dystrophy
showed increased levels of APOA 4 associated with an abnormality of myelin
formations as well as demyelination and axon degeneration *>°. Another neuropathy,
Leber’s hereditary optic neuropathy, has been characterized by increased levels of
APO A4 *° It is well known that APO E4 allele has increased risk of Alzheimer’s disease

27 Also, recent studies have demonstrated that APO E4 allele is associated to an

8

increased risk of severe diabetic polyneuropathy 2. Moreover, several studies

259

associates APOE with neuromuscular diseases “°. Finally, knockout mice of CLU

250 "All these results that fits well

showed an impaired regeneration of sciatic nerves
with our proteomic results indicate a lipoprotein alteration in Charcot-Marie-Tooth
disease. Furthermore, recent results demonstrated that PMP22 depletion causes
severe disruption of cholesterol-enriched lipid rafts levels and localization 2®.

Little is known about the role of Alpha-2-HS-glycoprotein, serotransferrin,

kininogen-1, and haptoglobin in neurodegenerative diseases. Elevated levels of alpha-

2-HS-glycoprotein in cerebrospinal fluid have been proposed as biomarker of active
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multiple sclerosis®®?. Furthermore, increased levels of haptoglobin were observed in
patients with chronic inflammatory demyelinating polyneuropathy?®>.

In this proteomic study, we provide some potential biomarkers that could be
useful for prognosis and clinical stratification of patients with Charcot-Marie-Tooth
disease, after validation in well-characterized patient cohorts. Besides of our no
significant results in gelsolin validation, further studies with the other proteins with
differential expression should be performed. As we mentioned previously, almost all
of the proteins have been associated with neurodegenerative diseases and their
validation could provide suitable biomarkers that perhaps can provide a new
stratification of CMT patients, which in turn may help clinicians in the prognosis and

treatment. Moreover, these possible biomarkers could be also used for monitoring

clinical treatments.

5.2.Biomarkers in FRDA

5.2.1. Biomarkers in cellular models of FRDA

We studied the miRNome in plasma from FRDA patients and in three different
FRDA cell models, and examined how miRNAs can contribute to the characterization
of new molecular and epigenetic regulatory mechanisms participating in the natural
history of this neuromuscular disease. Indeed, miRNAs are promising molecules that
can be used as biomarkers for the diagnosis, prognosis, and treatment monitoring of
FRDA. This means that we could use miRNAs to screen and consolidate therapies,
improving the quality of life of FRDA patients and reducing costs in clinical trials
through the design of more personalized treatments and the identification of different
molecular pathways underlying the progression of the disease.

The role of miRNAs is attracting significant interest in the area of neuromuscular
disorders®®* and cardiovascular diseases®®. Further, in this thesis, we described an
investigation of miRNAs as epigenetic regulators in three FRDA cell models.

In the study of the miRNome in FRDA cell models, we detected a different miRNA
profile between cases and controls of three cell lines models studied (i.e. fibroblasts,
olfactory mucosa stem cells, and neuroblastoma cell line SH-SY5Y). Then, we looked

for coincidences among miRNA profiles of these cellular models and we did not
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observe any common miRNA with differential expression when comparing them.
However, when we compared each line with each one of the other three different
lines we observed that both cell lines, fibroblasts and SH-SY5Y cells present miR-10b-
5p with differential expression compared against their respective controls. In addition,
hsa-miR-409-3p, hsa-miR-3117-3p, hsa-miR-106b-3p, hsa-let-7a-2-3p, hsa-miR-15a-
3p, and hsa-miR-106b-5p were differential expressed in both olfactory mucosa stem
cells and SH-SY5Y. We validated four selected miRNAs from these comparison (Table
9) and we observed that in fibroblasts all these miRNAs showed the same tendency,
in both SmallRNA-seq and RT-gPCR analysis (Table 19). Remarkably, only in miR-10b-
5p the results were coincident for both analyses in the SH-SY5Y cell model. In olfactory
mucosa stem cells model, the results were almost coincident and only miR-10b-5p
showed an increased level in RT-qPCR that was not observed in the results obtained
by SmallRNA-seq analysis (Table 19). The differences in the results between the two
analyses might be explained by the different number of samples used in NGS, that are
lower than those used in RT-gPCR. These results remark the importance of the

validation of SmallRNA-seq results by other techniques such as RT-gPCR.

Table 19. Comparison of results from NGS analysis and RT-qPCR analysis for selected miRNAs in the
three FRDA cell models. Dark blue arrows represent upregulation of miRNA; light blue arrows represent
downregulation of miRNA; line represents no significant changes in miRNA expression. Red lines
represent those miRNAs coincident in both analyses.

miRNA name Olfactory mucosa SH-SY5Y Fibroblasts
stem cells
NGS | RT-gPCR | NGS | RT-gPCR | NGS | RT-qgPCR
hsa-miR-10b-5p - q) q) 4) ™ N
hsa-miR-106b-3p ™ - -
hsa-miR-106b-5p AP - - -
hsa-miR-15a-3p ™ - - -

Some reports about these miRNAs in neurodegenerative diseases are commonly
found in scientific literature. For example, mir-10b-5p was found overexpressed in

prefrontal cortex samples of people with Parkinson’s**®

and Huntington’s*®’ disease,
as we found in FRDA cell models. Also, low levels of miR-106b-5p were observed in
anterior temporal cortex of people with Alzheimer disease®®® and in different B cells
from multiple sclerosis patients*®. These data are in agreement with our results

obtained from the study of the levels of miR-106b-5p in case of olfactory mucosa stem
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cells. However, miR-106b-5p was upregulated in T cells from people with multiple
sclerosis, but although our results were coincident in olfactory mucosa stem cells, we
did not observe differential expression of this miRNA in fibroblasts and in SH-SY5Y by
RT-gPCR analysis. This fact suggests that mir-106b-5p may have a tissue-specific

expression and may play different roles in each tissue.

5.2.1.1.  Pathway analysis

In our biological pathway analysis, we observed that mir-10b-5p and mir-
15a-3p regulate fatty acid synthase (FASN) and mir-106b-3p regulates adipose
acyl-CoA synthetase-4 (ACSL4). FASN is a lipogenic enzyme that synthesises de

2’0 On the other

novo long-chain fatty acids from acetyl-CoA and malonyl-CoA
hand, ACSL4 is a long-chain fatty acyl-CoA synthetase that activates fatty acids in
both synthesis of cellular lipids, and R-oxidation degradation®’*. Altered lipid

metabolism has been reported in a Drosophila model of FRDA?"?

. In addition, lipid
droplets in cardiac muscles of frataxin-deficient mouse line have been
observed™’. These observations fit with decreased levels of mir-15a-3p, which
were observed in olfactory mucosa stem cells, and may result in higher levels of
FAS, and in consequence higher levels of fatty acids. Interestingly, as a response
to fatty acids overload, cell metabolism can promote their oxidation and
esterification. Elevated oxidation of fatty acids generates elevated production of
ROS, which in turn can lead to cardiomyopathy and myocardial dysfunction 2’%*,
Also, these observations are consistent with our results that showed that mir-10b-
5p was upregulated in the three cell models studied in this thesis, and mir-106b-
3p was downregulated in olfactory mucosa stem cells and SH-SY5Y (RT-gPCR
analysis), as a response of decrease of fatty acids by downregulation of FASN and
possible upregulation of ACSL4, respectively, as a positive feed-back response of
fatty acids overload. Other interesting point to take in mind of this pathway is the
recent association of increased levels of ACSL4 with sensitivity to ferroptosis
275278 Ferroptosis is a form of cell death with different morphological,
biochemical and genetic characteristics, and induced by the small molecule called

erastin. Erastin interferes with cystine-glutamate antiporter that provides

oxidised cysteine, an essential precursor of glutathione (GSH)*"’. GSH is necessary
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for glutathione peroxidase 4 (Gpx4) detoxification process of lipid peroxidation

2’8 Thus, decreased levels of GSH produce the accumulation of this lipid 2’ and

280

leads to cell death. Decreased levels of total GSH and iron accumulation®®

have been described in FRDA patients. Hence, high levels of lipid peroxidation

were described in these patients®*’

. Taking these precedents all together, indicate
that a process of cell death via ferroptosis might be plausible to occur in FRDA
patients.

Low levels of miR-106-5p in olfactory mucosa stem cells may produce
increased levels of ERO1-like protein alpha (ERO1LA) and ERO1-like protein beta
(ERO1LB). Both are enzymes of endoplasmic reticulum that generate disulphide
bonds in cysteine residues of proteins and contribute to decrease unfolded
protein aggregates formed by ROS. Importantly, ERO1L isoforms have been found
in a frataxin deficient model®®!. Also, increased levels of proteins related to
unfolded protein response (UPR), were observed by Bolinches-Amords et. al.?**.

Glucose-6-phosphatase catalytic subunit (G6PC) mRNA levels might be
downregulated by elevated levels of miR-10b-5p in the three cell models, and as
consequence a reduction in glucose formation may be expected.

In neurotrophin signalling pathway, we found that neurotrophic receptor
tyrosine kinase 2 (NTRK2) is targeted by miR-10b-5p, which expression levels were
upregulated in all FRDA cellular models analysed compared with control cell lines.
Reduced levels of the protein encoded by NTRK2 gene (BDNF/NT-3 growth factors
receptor) produce that neurotrophins, which promote neural survival, bind to the
low affinity receptor p75NTR, that they have in common, therefore promoting
neuronal death ***?%*,

One of the pathways identified in our study is the AMPK signalling
pathway, which is known to be altered in Friedreich’s ataxia. This pathway is
responsible for altered ATP levels and deregulation of the mitochondrial
biogenesis pathway, as previously described®®. Our results showed increased
levels of miR-10b-5p in the three FRDA cellular models compared to controls. This
fact might produce a downregulation of the transcription factor FOX0O3. However,
when we analysed the expression levels of FBX0O32 gene by qRT-PCR, a target of

FOXO3, we observed increased levels of this gene, which has been previously
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described as an inhibitor of cardiac hypertrophy *** in all cellular models. So, these
results may indicate that transcription of FBX0O32 is increased maybe with the aim
to reduce the signals that promote cardiac hypertrophy in FRDA patients. On the
other hand, some post-translational regulation may produce an inhibition of
atrogin-1 protein that seems to fail in hypertrophy inhibition. In addition, miR-
10b-5p may be overexpressed in order to decrease FBX0O32 levels through its
transcription factor. Also, in olfactory mucosa stem cells, decreased levels of miR-
106b-5p may result in elevated AKt expression, which activates mTOR through

Rheb protein?®

. This could explain the improvement in the motor phenotype in
Drosophila melanogaster FRDA models treated with the TORC1 inhibitor,
rapamycin®®’. However, miR-106b-3p and miR-15a-3p downregulated levels
found in olfactory mucosa stem cells showed a different scenario. miR-106b-3p
and miR-15a-3p, when are downregulated, may produce the upregulation of their
target genes AMPK and PTEN, respectively. The up-regulated levels of AMPK and
PTEN may produce consequently mTORC and AKt inhibition. Furthermore, it is not
clear if PDK1 might be downregulated or upregulated, because miR-10b-5p is
upregulated and miR-106b-5p is downregulated in olfactory mucosa stem cells.
These controversial results point out that further studies in AKt/mTORC/AMPK
signalling in FRDA patients should be performed in order to understand the
regulation of this pathway and to discover biomarkers for patients’ risk

stratification or new targets for developing a possible treatment of this

neurodegenerative disease.

5.2.2. Biomarkers in human plasma

In our study of smallRNA-seq using plasma from FRDA patients versus healthy
controls, we found seven circulating miRNAs (hsa-miR-128-3p, hsa-miR-625-3p, hsa-
miR-130b-5p, hsa-miR-151a-5p, hsa-miR-330-3p, hsa-miR-323a-3p, hsa-miR-142-3p)
differentially represented in plasma samples. Some of these circulating miRNAs have
been already found in other neurodegenerative disorders. For example, miR-128-3p

was found overexpressed in plasma from people with Huntington’s disease®*® and in
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T cells from people with multiple sclerosis®®®. In contrast, lower levels of miR-142-3p
were found in plasma from patients with Alzheimer’s disease than in controls*®.

In an effort to identify biomarkers able to stratify patients’ risk according to their
phenotype, we found that miR-323a-3p was significantly upregulated in patients with
cardiomyopathy compared to patients whose clinical records made no mention of this
comorbidity. Our analysis demonstrated high sensitivity (88.9%) and acceptable
specificity (62.5%) and the AUC was 0.75 (p=0.042).

From a clinical point of view, the Mitochondrial Protection with Idebenone in
Cardiac or Neurological Outcome (MICONOS) study group concludes that, irrespective
of neurological status, all FRDA patients need an initial cardiac evaluation including
cMRI (cardiac magnetic resonance imaging) and echocardiography and a regular
echocardiographic follow-up®*. Furthermore, these authors assert that clinical
algorithms must be developed to manage and predict cardiomyopathies in rare
diseases. The use of miR-323a-3p would help clinicians in this regard and could
contribute to early diagnosis and prognosis of cardiomyopathy prior to detection by
standard diagnostic procedures of clinical or morphological cardiac tissue

manifestations.

5.2.2.1.  Fatty acids and central carbon metabolism Pathways

In our pathway analysis of miRNAs in plasma, we identified fatty acid
metabolism (hsa01212) and central carbon metabolism (hsa05230), as two
additional pathways altered in FRDA. As these results show, lactate
dehydrogenase A (LDHA) deregulation may alter the NAD+/NADH ratio, thus
modifying energy metabolism through alteration of fatty acid oxidation®** and the

Krebs cycle®®

in cells. This deregulation of energy metabolism is a critical factor
in FRDA cardiomyopathy. Linking these ideas with those concerning fatty acid
pathway regulation based on our miRpath analysis, we found that miR-130b-5p
regulates fatty acid synthase (FASN) and miR-142-3p targets adipose acyl-CoA
synthetase-1 (ACSL1), resulting in increased uptake of fatty acids for use in R-
oxidation. In addition, a prolonged energy shift from fatty acid to glucose

oxidation is a well-known feature of cardiac damage”®, and may contribute to

FRDA cardiomyopathy.
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5.2.2.2.  AMPK and AKT signalling pathways

In our study, one of the pathways identified was the AMPK signalling
pathway. As we said before, this pathway, altered in Friedreich’s ataxia, is
responsible for deregulation of ATP levels and the mitochondrial biogenesis
pathways’’. AMPK, which is directly targeted by miR-625-3p and miR-130b-5p, is
a crosstalk protein involved in the mTOR signalling pathway, an important

mechanism that is altered in FRDA®*

. Calap-Quintana et. al. discovered that
inhibition of TORC1 by the drug rapamycin improves the motor phenotype in
Drosophila melanogaster FRDA models®®’. We found that miR-625-3p and miR-
330-3p regulate transcription factors that play an important role in antioxidant
gene regulation, protein quality control and autophagy. These transcription
factors include FOXO %, one of the pathways identified in our analysis. Ataxia
telangiectasia mutated (ATM), among other proteins, is also regulated by miRNAs
in the FOXO pathway. ATM participates in the regulation of DNA repair and
controls DNA damage responses. Altered expression levels of ATM and p53 were

previously detected in lymphocytes from FRDA patients**®

. FOXO transcription
factors are involved in several physiological and pathological processes, including
neurological diseases®’.

Our analysis also found that PTEN was a target of miR-151-5p and miR-
625-3p. Interestingly, PTEN antagonizes PI3K, meaning the downregulation of
PTEN may change the PIP3/PIP2 ratio. An increase in PIP3 could subsequently
activate AKT. This pathway coordinates different steps of axon growth during

development and in injury-induced axon regeneration®®.

PIP2 hydrolysis is
responsible for the changes in Ca** homeostasis. Bolinches-Amorés et. al. showed
that a decrease in frataxin levels induces mitochondrial dysfunction as a result of

%2 Importantly, the Ca™

a bioenergetic deficit and abnormal Ca** metabolism
signalling pathway regulates many pathways. Alterations in this pathway
contribute to different disease states. For this reason, the discovery of biological
modulators, like miRNAs, in this pathway is highly valuable.

Our results, also point out the relevance of HIF-1alfa signaling pathway.

HIF-1alfa is targeted by miR-625-3p may produce a decreased levels of proteins
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that are regulated by this transcriptional factor, among them those related with
iron homeostasis. Also, nowadays it is known that hypoxia stimulate the frataxin
expression through HIF-1alfa mediated mechanisms>%.

To validate some of the miRNAs we found in plasma, which are involved
in the regulation of these pathways, we studied their expression in all three
cellular models described in the previous section (i.e. olfactory mucosa stem cell,
SH-SY5Y and fibroblasts). In all of them miR-330-3p showed differential
expression, but only in SH-SY5Y we detected elevated levels of this miRNAs as
occurred in plasma analysis, indicating that miR-330-3p could be interesting in
FRDA. In addition, further analyses to understand the role of this miRNA were
performed. We measured mRNA levels of some targets of miR-130b-5p (LDHA
and PDHA) and mir-330-3p (FOXO1 and SOD2) in SH-S5Y5 cell model and also in
fibroblasts and olfactory mucosa stem cells. In olfactory mucosa stem cells,
decreased levels of mir-330-3p were also observed, that may fit with increased

287

levels of its target FOXO described previously in flies®™’. However, when we

analysed mRNA levels of FOXO1 we showed decreased levels of expression. The

different results with those described in Drosophila®®’

, may be explained by the
diversity of the FOXO family in humans that is not found in the fly. So, we detect
decreased levels of FOXO1, but maybe other protein/s of the FOXO family
involved in FRDA physiopathology that could be upregulated. In fibroblasts, we
detected low levels of mir-330-3p and by contrast downregulated levels of LDHA
gene expression. On the contrary, elevated levels of lactate have been detected
in blood of FRDA patients **. Furthermore, mir-130b-5p is also downregulated in
olfactory mucosa stem cells and some of its targets, PDK1, AMPK, and FASN genes
might have elevated levels of expression. PDK1 elevated levels may activate AKT
promoting mTORC signalling and FOXO repression, however as we mentioned
above, elevated levels of PDK1 inhibitor (PTEN) might also be promoted.

Moreover, AMPK elevated levels may block mTORC activity. Thus, it is not clear if

these pathways are activated or not. Elevated levels of PDK1 were observed in fly

301 302

and mice models of frataxin deficiency, as well as increased levels of
sphingolipid, iron accumulation and activation of Mef2 signalling pathway. In

addition, elevated levels of FASN gene promote fatty acids synthesis, and elevated
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273274 55 we said

oxidation of fatty acids generates ROS and cardiac problems
above in cellular models. Finally, as already explained we observed elevated levels
of mir-330-3p in the SH-SY5Y cell model, results that are coincident with those
observed in plasma analysis. High levels of mRNA from SOD2 gene were observed
nevertheless high levels of mi-330-3p. These results are interesting, because low

201
d

levels of SOD2 transcript in fibroblasts from FRDA have been reporte , which

fit well with our mir-330-3p expression results, however high levels of SOD2

expression have been described in Drosophila models of FRDA®®’.

3% and increased

PGC-1a has been described as a regulator of PDHA1
levels of PGC-1a has been found in fibroblasts from FRDA patients”®’, so elevated
PDHA1 gene expression may be related to high levels of PGC-1a more than an
inhibition mediated by miR-330-3p. Moreover, decreased levels of FOXO1 were
observed in SH-SY5Y cell model, which was only congruent with miR-330-3p
overexpression for frataxin-deficient cell lines. In addition, the repression of
FOXO1 inhibits the transcription of pro-apoptotic protein BIM in neurons>** and
therefore inhibits apoptotic response, results that are in agreement with those
described by Bolinches-Amords et. al.?®” in which no differences in cytosolic
cytochrome c levels were found. It will be interesting to tease out in future

research the role of miR-330-3p/FOXO interplay in the regulation of neuronal

survival in FRDA.

5.2.2.3.  Insulin signalling pathway

Some of the miRNAs identified in our study regulate key genes in the
insulin-signalling pathway, such as the eukaryotic translation initiation factor
elF4E, which is regulated by miR-142-3p, and Glycogen synthase kinase 3 beta
(GSK3B), which is regulated by both miR-130b-5p and miR-625-3p. In addition,
insulin-like growth factor | (IGF-1) has shown therapeutic effects in different
cerebellar ataxias due to its protective effects on mitochondrial function and
neuroprotective effects in frataxin deficient neuronal cultures®® and Fxn-

306

deficient mice™". Furthermore, diabetes is a metabolic disorder that affects one

in every three Friedreich’s ataxia patients. Insulin resistance and loss of glucose
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tolerance are features found in the FRDA phenotype®”’, and they seem to depend
on the entry in senescence of the islets of Langerhans®® and B-pancreatic cell

survival.

5.2.2.4.  Wnt/B-catenin signalling pathway

Finally, we found that miR-151-5p and miR-625-3p target CTNNB1, and
miR-142-3p, miR-323a-3p, and miR-151a-5p target ATP2A2. From our results it is
feasible to hypothesize that an elevated cytosolic level of Ca** due to low levels
of ATP2A2 (SERCA) may stimulate calmodulin protein (CaM), and in turn activate
calcineurin (CaN), which dephosphorylates the nuclear factor of activated T cells
(NFAT) being translocated into the nucleus. This transcription factor activates
genes for cardiac growth and remodelling, resulting in increased cardiac
hypertrophy (Figure 36). Recent studies in conditional gain-of-function of B-
catenin (CTNNB1) cardiac endothelial cells from mice showed that Wnt/B-catenin
signalling activation may be a cause of cardiac dysfunction through
downregulation of the neuregulin-Erb-B pathway>®. Reduced ATP2A2 mRNA
levels have also been shown to affect heart function and are associated with

#1031 1 addition, when we try to validate the circulating

hypertrophied hearts
miRNAs in the cellular models described in this work, we found that miR-323a-3p
was also upregulated in olfactory mucosa stem cells and SH-SY5Y cell model.
These facts point out the importance of this miRNA in cardiomyopathy feature in
FRDA. Moreover, we provide new candidate mechanisms to explain altered heart

function in FRDA.
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Figure 37. Overexpressed mir-142-3p, miR323a-3p and mir-151-5p may produce cardiac hypertrophy in FRDA
patients by blocking ATP2A2. Sarcoplasmic/endoplasmic reticulum Ca+2 ATPase (SERCA2; also known as ATP2A2)
and ryanodine receptor (RyR) regulate the Ca+2 input and output (respectively) of the sarcoplasmic endoplasmic
reticulum (SER) in cardiomyocytes. In addition, sarcolemmal Na+/Ca+2 exchangers (NCX), ATPases, mitochondria,
and L-type Ca+2 channels (LTCC) mediate the exchange of cytosolic Ca+2. Increased levels of mir-142-3p, miR323a-
3p and mir-151-5p may decrease mRNA levels of SERCA and also SERCA protein levels. Low levels of SERCA
produce an elevated cytosolic level of Ca2+ with a concomitant activation of calmodulin protein (CaM). Activated
CaM can, in turn, stimulate the active form of calcineurin (CaN), which dephosphorylates the nuclear factor of
activated T cells (NFAT) protein in the cytosol. This facilitates its translocation into the nucleus, and interacts with
cardiac growth and gene promoter remodelling, resulting in increased cardiac hypertrophy.

5.2.2.5. Relevance of results in FRDA biomarkers

Our results open new avenues for developing more personalized
therapies focused on specific patients’ symptoms. We identified seven miRNAs,
all of which are associated with key molecular mechanisms underlying FRDA
physiopathology. We found that miR-323-3p is a candidate for diagnosing
cardiomyopathy in FRDA patients. Pilbrow et al. have described miR-323-3p as a
candidate biomarker for coronary artery disease (CAD) in acute coronary

syndrome (ACS) patients®?,
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Previous studies have proposed that miRNAs play a direct or indirect role
in cardiac hypertrophy in FRDA. In this regard, Kelly et al. found that miR-155
downregulates AGTR1, resulting in reduced production of AGTR1. However, the
rs5186 C allele interrupts complementarity between miR-155 and the regulatory
target site of AGTR1, thereby increasing AGTR1 levels, which may explain an
increased degree of cardiac hypertrophy, oxidative stress, and fibrosis in FRDA

patient5313

. We explored the expression of miR-155 in our series of patients and
controls but found no significant differences. This could be because, as Kelly et al.
propose, the effect may remain in the rs5186 C allele of AGTR1, but not in the
different expression levels of miR-155.

Both clinicians and patients have called for new drugs to treat FRDA.
However, these drugs do not always provide benefits, probably because

314
d

underlying molecular mechanisms are not fully understood™". For example,

variation in the efficacy of Idebenone in half of FRDA patients remains

315 316
d

unexplained™”. This drug decreases free fatty acid content™". Furthermore, as

previously described, it decreases PGC1a*%*

, which cooperates with peroxisome
proliferator-activated receptor alpha (PPARa) in transcriptional control of
mitochondrial fatty acid oxidation enzymes*’. As a result, altered regulation of
fatty acid metabolism and fatty acid oxidation by microRNAs may help to regulate
patients’ different responses to Idebenone treatment.

In this regard, circulating miRNAs can detect pathological events, and
could also monitor molecular signals participating in cardiomyopathy even before
the appearance of clinical cardiac manifestations. To maximize the likelihood of
detecting the onset or progression of cardiomyopathy, we suggest combining
standard cardiac diagnostic procedures with the use of circulating microRNAs.
This approach could provide more clinical information for evaluating

cardiomyopathy progression in FRDA. In summary, miRNAs obtained in this study

constitute new candidates for personalized therapy in FRDA patients.
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Plasma from mild and severe Charcot-Marie-Tooth patients does not show differences

in oxidative stress markers.

Twenty candidate proteomic biomarkers are detected in plasma from mild and severe

Charcot-Marie-Tooth patients.

Further experiments and improvement of CMT diagnostic criteria irrespective to
CMTNS should be performed in order to obtain clinical correlations with candidate

proteomic markers.

Different expression profiles of miRNA are detected in cellular models of Friedreich’s
ataxia (i.e. olfactory mucosa stem cells, fibroblasts and SH-SY5Y) and plasma samples
from FRDA patients compared to their respective controls, indicating that miRNAs play

a relevant role in the physiopathology of FRDA.

miR-323a-3p is a biomarker of cardiomyopathy in patients with Friedreich’s ataxia and
may play a role in the deregulation of Ca™ homeostasis in hypertrophic cardiomyopathy

observed in FRDA patients.
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Limitations

The design of this study has certain limitations that are usually present in the
study of most rare genetic diseases. Although this is a relatively large and well-
characterized FRDA and CMT cohort, the small sample size of each sub-population
limits the statistical power of the study to propose specific biomarkers that correlate
with some of the clinical features analysed. Nevertheless, we are convinced that our
study further increases the knowledge of molecular mechanisms underlying such a
complex disease and constitutes a good starting point for launching a wider
international effort to provide further insight. In any case, the potential use of these
biomarkers must be seen as an additional help for clinicians and not as the main
diagnostic tool. With the information provided by these biomarkers, clinicians can

maintain a close follow-up of patients who show changes in the miRNA’s signature.
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Appendix Documents 1. Documents of approval Biomedical Research Ethics Committee (CEIB) of Hospital La Fe
(Valencia), Hospital de Bellvitge (Barcelona), Hospital La Paz (Madrid), and Hospital Virgen del Rocio (Sevilla).

GENERALITAT AGENCIA La e
CHRN  Avme  2F

FPNT-CEIB-04 (A)

DICTAMEN DEL COMITE ETICO DE INVESTIGACION BIOMEDICA

Don Serafin Rodriguez Capellan, Secretario del Comité Etico de Investigacion
Biomédica del Hospital Universitario y Politécnico La Fe,

CERTIFICA

Que este Comité ha evaluado en su sesién de fecha 6 de Noviembre de 2012, el
Proyecto de Investigacion titulado “TRANSLATIONAL RESEARCH, EXPERIMENTAL
MEDICINE AND THERAPEUTICS ON CHARCOT-MARIE-TOOTH. TREAT-CMT”,
con n° de registro 2011/0537.

Que dicho proyecto se ajusta a las normativas éticas sobre investigacion biomédica
con sujetos humanos y es viable en cuanto al planteamiento cientifico, objetivos,
material y métodos, etc, descritos en la solicitud, asi como la Hoja de Informacién al
Paciente y el Consentimiento Informado.

En consecuencia este Comité acuerda emitir INFORME FAVORABLE de dicho
Proyecto de Investigacién que sera realizado en el Hospital Universitario y Politécnico
La Fe por ella Dr. / Dra. TERESA SEVILLA MANTECON del servicio de
NEUROLOGIA como Investigador Principal.

Miembros del CEIB:

Presidente:
Dr. Juan B. Salom Sanvalero. (Unidad de Circulacién Cerebral Experimental)

Vicepresidente:
Dr. José Vicente Cervera Zamora. (Hematologia)

Secretario:
D. Serafin Rodriguez Capellan. (Asesor juridico)

Miembros:

Dr. Melchor Hoyos Garcia. (Gerente del Departamento de salud Valencia La Fe)
Dr. José Vicente Castell Ripoll. (Director de Investigacion)

Dr. Salvador Alifio Pellicer. (Farmacélogo Clinico - Hospital U. | P. La Fe)

Dra. Remedios Clemente Garcia. (Medicina Intensiva)

Dra. M* Luisa Martinez Triguero. (Analisis Clinicos)

Dr. José Luis Vicente Sanchez. (Jefe de seccién - Unidad de Reanimacion)

Dr. Isidro Vitoria Mifiana. (Pediatria)

Dra. Beién Beltran Niclos. (Medicina Digestiva)

Dra. Inmaculada Calvo Penadés. (Reumatologia Pediétrica)

Dr. Alfredo José Perales Marin (Jefe de Servicio - Obstetricia)

Dra. Begofia Polo Miquel (Gastroenterologia Pediatrica).

Dr. Enrique Viosca Herrero (Jefe de Servicio - Medicina Fisica y Rehabilitacién)
Dra. Eugenia Pareja Ibars (Unidad de Cirugia y Trasplante Hepatico).

Dr. Jaime Sanz Caballer (Grupo Acreditado en Hematologia y Hemoterapia)
Dr. José Luis Ponce Marco (Unidad de Cirugia Endocrino Metabélica)

Dr. José Antonio Aznar Lucea (Jefe de Unidad - Hemostasia y Trombosis)
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Dra. Pilar Sdenz Gonzélez (Neonatologia)

Dr. Rafael Botella Estrada (Dermatologia)

Dr. José Luis Mullor Sanjose (Grupo de Investigacion Traslacional en Enfermedades
Neurosensoriales)

Dr. Francisco Javier Pemén Garcia (Grupo Acreditado multidisciplinar para el estudio de la
Infeccion Grave)

Dra. Maria José Gomez-Lechén Moliner (Grupo Acreditado en Hepatologia Experimental)

Dr. Ramiro Jover Atienza. (Unidad de Bioquimica y Biologia Molecular)

Dra. Maria Tordera Baviera. (Farmacéutica del Hospital)

D. Jesus Delgado Ochando. (Diplomado en Enfermeria)

Lo que firmo en Valencia, a 6 de Noviembre de 2012

Fdo.: Don Serafin Rodriguez Capellan
Secretario del Comité Etico de Investigacién Biomédica
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AT Generalitat de Catalunya
Hosp|tal Universitari ‘IHD

Departament de Salut

INFORME DEL COMITE ETICO DE INVESTIGACION CLiNICA
SOBRE PROYECTOS DE INVESTIGACION

El Comité Etico de Investigacion Clinica del Hospital Universitari de Bellvitge, en su
reunion de fecha 05 de Julio de 2012 (Acta 13/12), tras examinar toda la
documentacién presentada sobre el proyecto de investigacion con nuestra ref.
PR184/12, titulado:

“TRANSLATIONAL RESEARCH, EXPERIMENTAL MEDICINE AND
THERAPEUTICS ON CHARCOT-MARIE-TOOTH DISEASE”

Presentado por el Dr. Carlos Casasnovas Pons del Servicio de Neurologia del Hospital
Universitari de Bellvitge — IDIBELL, como investigador principal, ha acordado emitir
INFORME FAVORABLE al mencionado proyecto.

Convocatoria ISCIIl CIBERER Biobank Centro de Investigacion Biomédica en Red de
Enfermedades Raras

Bellvntge
}’{Ool JIL d

* Comite Etic d'Investigacié
Clinica

L

Fdo. Dr/ Enfi
Secretario

ospedra Martinez

L'Hgspitalet de Llobregat, 5 de Julio de 2012

B 20 2
Hospital Universitari de Bellvitge

L Feixa Llarga sin
08907 L'Hospitalet de Liobregat
. Tel. 932 607 500
' www.bellvitgehospital.cat
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INFORME DEL COMITE DE ETICA DE LA INVESTIGACION DE CENTRO H.U.
VIRGEN DEL ROCIO

El Comité de Etica de la Investigacién de Centro H.U. Virgen del Rocio de Sevilla, en
Sesion celebrada el dia veinticinco de julio de dos mil doce (Acta 07/12):

1. Ha procedido a la revisién del estudio:

o Codigo de CEI 2012P1/164

e Presentado por D. Celedonio Marquez Infante

e Titulado “Investigacién Traslacional, Medicina Experimental y
Terapéutica de la Enfermedad de Charcot-Marie-Tooth” (TREAT-
CMT)".

2. Tras su valoracién procede a emitir INFORME FAVORABLE del mismo.

Y para que conste y surta los efectos oportunos se expide la presente certificacion en
Seuvilla, a veintisiete de julio de dos mil doce

RIA
O Dy,

(koo Mda’“l Y% 0

G — ‘Q’%
o B
JUNTA OC ANDALICTA
Comité de Etica de la
':"W;(“?ﬂdﬂ de Centro
Fdo.: Javier Batista Palom. 'tacs =

Presidente
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Appendix Documents 2. Documents of approval Biomedical Research Ethics Committee (CEIB) of Hospital Hospital
Clinic Universitari de Valéncia and the ethics and scientific committees of the Basque Biobank for Research-OEHUN
and (www.biobancovasco.org) and the Biobank for Biomedical Research and Public Health of the Valencian
Community (IBSP-CV) through the Spanish National Biobank Network (RNBB 2013/12).
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.{‘ INVESTIGACION EN
SALUD PUBLICA

gGENERALITAT , CENTRO SUPERIOR DE
WV

DICTAMEN DEL COMITE ETICO DE INVESTIGACION CLINICA

D. Elias Ruiz Rojo, Secretario del CEIC de la DGSP y CSISP.

CERTIFICA:

Que este CEIC ha evaluado en la reunion del dia 31 de enero de 2014 la solicitud de muestras de la
Red Valenciana de Biobancos con REFERENCIA: RVB13011CPR, para el proyecto de
investigacion denominado “Estudio de miRNAs en pacientes de ataxia de Friedreich.
Implicaciones diagnésticas y terapéuticas”, siendo su investigador principal el Dr. Pallardo.
Considerandose procedente:

v

Autorizar la cesién al proyecto de las muestras solicitadas que cuentan con Cl especifico de
Biobanco.

Autorizar la cesién al proyecto de las muestras solicitadas obtenidas con anterioridad a la
entrada en vigor de la Ley de Investigacion Biomédica que no disponen de CI.

Autorizar la cesion al proyecto de las muestras solicitadas de donantes que han fallecido.

Autorizar la cesién al proyecto de las muestras solicitadas de aquellos donantes que no han
sido localizados.

Autorizar la cesién al proyecto de las muestras solicitadas de aquellos donantes que han

sido localizados, que no cuentan con Cl, condicionada a la obtencién del mismo y tras la
comunicacion a este CEIC.

Valencia a 4 de febrero de 2014
Secretario del CEIC de la DGSP y CSISP

27

Fd as Ruiz Rojo
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( : E I( : UIE) . EUSKO JAURLARITZA
44 GOBIERNO VASCO

DEPARTAMENTO DE SALUD

EUSKADI (CEIC-E)

D2 Iciar Alfonso Farnés como Secretaria del CEIC de la Comunidad Auténoma del Pais Vasco
(CEIC-E)
CERTIFICA

Que este Comité, actuando como comité ético externo del Biobanco Vasco de Bioef, ha
evaluado la solicitud de cesién de muestras del biobanco vasco de la Fundacién Vasca de
Innovacién e Investigaciéon Sanitarias (BIOEF) para la realizacion del proyecto de
investigacién, titulado “Estudio de miRNAs en pacientes de ataxia de Friedreich.
Implicaciones diagnésticas y terapéuticas.”, y en el que actuara como investigador
principal:

« Federico Vicente Pallardé (Universidad de Valencia)

Y que este Comité reunido el 29 de Enero de2014 (recogido en acta 02/2014), ha decidido
emitir informe favorable a la solicitud de aprobacién de cesién de muestras.

14 FEB 2014

Euskag)
. - L]
QUL £ ire ‘”"n"’-m.. Klinikootarake
v acidn ° Ba{um.m Elikoa
2 Euskad
Uskadi (CEIG.E)

——

Dra. Iciar Alfonso Farnés
Secretaria del CEIC de la Comunidad Auténoma del Pais Vasco (CEIC-E)
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Appendix Figure 1. Graphic representation of fluorescence intensity pics in 2D-DIGE analysis for mild CMT
patients and healthy subjects. Identification number for each pick

indicated for each pick.
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Apendix Figure 2. Graphic representation of fluorescence intensity pics in 2D-DIGE analysis for severe CMT
patients and healthy subjects. Identification number for each pick (Master No) and average ratio (Av. Ratio) was
indicated for each pick.
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Appendix Table 1. Data from protein identification for mild CMT patients compared with healthy subjects.
Identification number for each pick (Master No), detection method used, protein identification code with the best

accession, protein name, p-value for assignation for protein, and average ratio (Av. Ratio).

Master No Detection method Best Protein Protein Name T-test  Av. Ratio
Accession
573 MALDITOFTOF PLMN_HUMAN Plasminogen | 0,032 -1,48
592 LCMSMS CFAB_HUMAN Complement factor B | 0,023 -1,86
675 MALDITOFTOF AFAM_HUMAN Afamin | 0,046 -1,51
716 MALDITOFTOF GELS_HUMAN Gelsolin | 0,005 1,99
1159 MALDITOFTOF ANT3_HUMAN Antithrombin-Ill | 0,017 1,47
1713 MALDITOFTOF APOA4_HUMAN Apolipoprotein A-IV | 0,047 1,59
1742 LCMSMS HPT_HUMAN Haptoglobin | 0,037 2,28
1854 LCMSMS CLUS_HUMAN Clusterin | 0,0085 -1,33
573 MALDITOFTOF PLMN_HUMAN Plasminogen | 0,032 -1,48
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Appendix Table 2. Data from protein identification for severe CMT patients compared with healthy subjects.
Identification number for each pick (Master No), detection method used, protein identification code with the best
accession, protein name, p-value for assignation for protein, and average ratio (Av. Ratio). Not congruent refers
to a mixture of proteins.

Master No Detection Best Protein Protein Name T-test  Av. Ratio
method Accession
245 LCMSMS CO6_HUMAN Complement component C6 | 0,00012 -2,17
310 LCMSMS PLMN_HUMAN Plasminogen | 0,00083 -1,89
356 LCMSMS CFAB_HUMAN Complement factor B | 0,0022 -2,60
386 LCMSMS GSN_HUMAN Gelsolin | 0,0027 -1,72
445 LCMSMS CFAB_HUMAN Complement factor B | 0,00021 -2,48
459 | MALDITOFTOF | AFAM_HUMAN Afamin | 0,00038 -1,95
553 LCMSMS VTNC_HUMAN Vitronectin | 0,0014 -2,95
576 | MALDITOFTOF TRFE_HUMAN Serotransferrin | 0,009 2,65
582 LCMSMS A1BG_HUMAN Alpha-1B-glycoprotein | 0,0039 -1,70
603 LCMSMS TRFE_HUMAN Serotransferrin | 0,00077 -1,68
685 LCMSMS KNG1 _HUMAN Kininogen-1 | 0,048 -1,69
688 LCMSMS AACT_HUMAN Alpha-1-antichymotrypsin | 0,0025 -2,12
822 LCMSMS KNG1 _HUMAN Kininogen-1 | 0,00013 -2,54
883 LCMSMS A1AT_HUMAN Alpha-1-antitrypsin | 0,00028 5,34
1011 LCMSMS FETUA_HUMAN Alpha-2-HS-glycoprotein | 0,0015 -2,17
1134 LCMSMS FIBG_HUMAN Fibrinogen gamma chain | 0,00021 -2,47
1190 LCMSMS VTDB_HUMAN Vitamin D-binding protein | 0,0038 7,05
1278 LCMSMS HPT_HUMAN Haptoglobin | 0,017 2,25
1331 | MALDITOFTOF HPT_HUMAN Haptoglobin | 0,00089 3,36
1353 | MALDITOFTOF | APOA4_HUMAN Apolipoprotein A-IV | 0,0014 2,99
1413 LCMSMS HPT_HUMAN Haptoglobin | 0,0067 2,91
1426 LCMSMS HPT_HUMAN Haptoglobin | 0,0034 3,15
1507 LCMSMS HPT_HUMAN Haptoglobin | 0,00046 4,93
1529 LCMSMS HPT_HUMAN Haptoglobin | 0,00031 4,38
1532 LCMSMS HPT_HUMAN Haptoglobin | 0,00028 6,89
1656 | MALDITOFTOF | APOE_HUMAN Apolipoprotein E | 0,0013 -1,98
1987 | MALDITOFTOF Not Congruent N/A N/A -2,33
1995 LCMSMS IGKC_HUMAN Ig kappa chain C region | 0,00032 9,75
1996 LCMSMS IGKC_HUMAN lg kappa chain C region | 0,00021 10,13
2064 | MALDITOFTOF | APOA1_HUMAN Apolipoprotein A-l | 0,0011 -1,82
2080 | MALDITOFTOF | APOA1_HUMAN Apolipoprotein A-l | 0,032 -1,64
2086 | MALDITOFTOF | APOA1_HUMAN Apolipoprotein A-l | 0,00011 -1,93
2203 LCMSMS Not Congruent N/A N/A -2,48
2317 LCMSMS Not Congruent N/A N/A -1,88
2545 LCMSMS Not Congruent N/A N/A -2,53
2707 LCMSMS Not congruent N/A N/A -2,75
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Appendix Table 3. Expression levels of selected miRNAs in FRDA patients and controls stratified by age.
*Statistically significant differences were determined using Mann Whitney tests. All P-values were two-tailed and
less than 0.05 was considered statistically significant.

<39 years >39 years

miRNA Patients Controls Patients Controls
(n=14) (n=11) P value* (n=11) (n=14) P value*

FC (SD) FC (SD) FC (SD) FC (SD)
miR.128-3p 4.24 (4.56) 1.63(2.41) 0.021 9.18 (11.10) | 1.04 (0.75) <0.0001

miR-625-3p 13.46 (21.05) 1.48 (2.02) 0.007 20.38 (30.24) | 2.72 (2.10) 0.034

miR-130b-5p | 33.66 (50.49) 4.08 (4.67) 0.039 40.41 (37.69) | 1.87(2.18) <0.0001
miR-151a-5p 7.03 (6.72) 2.06 (4.00) 0.002 12.16 (10.40) | 1.58 (1.57) < 0.0001
miR-330-3p 11.73 (18.15) 3.03 (6.11) 0.021 21.00(30.79) | 1.93(2.29) <0.0001
miR-323a-3p 2.84 (2.00) 1.63(2.41) 0.049 3.83 (2.78) 1.30(0.92) < 0.0001
miR-142-3p 18,64 (26.50) 5.35(13.46) 0.008 24.83 (40.17) | 2.54(3.85) <0.0001

Appendix Table 4. Expression levels of selected miRNAs in FRDA patients and controls stratified by sex.
*Statistically significant differences were determined using Mann Whitney tests. All P-values were two-tailed and
less than 0.05 was considered statistically significant.

Males Females
MiRNA Patients Controls Patients Controls
(n=12) (n=13) P value* (n=13) (n=12) P value*
FC (SD) FC (SD) FC (SD) FC (SD)
miR.128-3p 8.02 (11.45) | 1.08(0.64) 0.001 4.93(3.54) | 1.54(2.63) 0.002
miR-625-3p | 14.47 (23.20) | 2.44 (1.96) 0.05 17.80 (26.94) | 1.67 (2.28) 0.007
miR-130b-5p | 49.27 (57.21) | 3.39(3.40) | <0.0001 | 24.96(25.72) | 2.17(3.65) | <0.0001
miR-151a-5p | 11.14(11.17) | 1.18(0.78) | <0.0001 | 7.57(5.63) | 2.46 (4.00) 0.005
miR-330-3p | 22.59(33.66) | 1.49(1.05) | <0.0001 | 9.55(8.00) | 3.43(6.12) 0.011
miR-323a-3p | 2.62(1.20) 1.26 (0.72) 0.004 3.89(3.02) | 1.80(2.40) 0.016
miR-142-3p | 28.82 (44.32) | 1.47(1.34) | <0.0001 | 14.48 (14.77) | 6.29 (13.10) 0.008
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