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INTRODUCCION






Capitulo I
Gen Fragile X mental retardation 1

El Sindrome X Fragil (OMIM# 300624; ORPHA908) es la causa mas
comun de discapacidad intelectual (DI) familiar afectando a uno de
cada 4000 varones y una de cada 6000 mujeres (Hagerman 2002). Las
manifestaciones clinicas de este sindrome son muy variables y
dependen en gran manera de la edad y del sexo del individuo afectado.
Los principales signos clinicos son la presencia de DI moderada o
severa, macroorquidismo, facies alargadas, prognatismo y orejas
grandes y aladas. En el caso de las mujeres, la inactivacion del
cromosoma X (XCI) repercute en la penetrancia del sindrome ya que
unicamente un 30% presentan signos clinicos. La expresividad en las
mujeres es muy variable y puede ir desde el mismo fenotipo que en los
varones hasta Unicamente manifestar una DI ligera sin rasgos fisicos
caracteristicos aunque suelen presentar trastornos de conducta,
aislamiento y angustia social (Mila et al. 1996).

En el ano 1943 se describio por primera vez las caracteristicas clinicas
de este sindrome nombrado originalmente el “Sindrome Martin-Bell”
en honor a los investigadores que lo describieron (Martin & Bell 1943).
Aunque dada la herencia se sospechaba de un sindrome ligado al

cromosoma X, no fue hasta el afilo 1969 cuando se detectd la misma



alteracion citogenética en una familia con 4 varones afectados con DI.
Estos individuos eran portadores de una fragilidad del brazo largo del
cromosoma X en la banda Xq27.3, conocido como FRAXA (Fragile X
Site A). A pesar que esta anomalia se cuestionaba como método
diagnostico puesto que unicamente se detectaba al estudiar metafases
obtenidas de linfocitos cultivados en medios deficientes en acido folico
(Lubs 1969), dio origen al nombre actual “Sindrome X Fragil” (SXF).

Finalmente, en el afo 1991 tres grupos independientes realizaron la
clonacién del gen responsable de este sindrome, el Fragile X mental
retardation 1 (FMRI) (Oberlé et al. 1991; Verkerk et al. 1991; Yu et al.
1991). El estudio molecular reveld que la fragilidad cromosémica se
debe a una expansion andmala del trinucledtido citosina-guanina-
guanina (CGG) en la region 5° no traducida (5’UTR) del exén 1 del gen
FMRI. La proteina sintetizada se conoce como Fragile X Mental
Retardation Protein (FMRP) y su expresion esta regulada por una isla
CpG situada en el extremo 5' del gen FMRI. Este gen consta de 38kb
en la secuencia genomica y contiene 17 exones que dan lugar
principalmente a un transcrito de un tamaino de 4.8kb que contiene 632
aminoacidos. Sin embargo, in vivo se han observado hasta 12 isoformas
mas cortas como resultado del splicing alternativo de los exones 12, 14,

15y 17 (revisado en Willemsen et al. 2011).



La region 5° UTR del primer exén contiene una tramo de repeticiones
CGG variable, considerado como un polimorfismo en la poblacion
general. Segliin la longitud de la expansion se diferencian 4 clases
alélicas: normales (6-44 CGGs), intermedios (45-54 CGGs),

premutados (55-200 CGGs), mutados (>200CGGs) (Figura 1).
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Figura 1. Esquema gen FMRI. Descripcion molecular de los alelos existentes
(modificada de https://fragilex.org/2014/genetics/fimr1-gray-zone-allele-what-do-
we-know-about-it/).

En los alelos normales (6-45 CGGs) la isla CpG adyacente no se
encuentra metilada, y por tanto el gen FMRI estd activo y FMRP es
sintetizada. Estos alelos se transmiten de manera estable a la siguiente
generacion, siendo los alelos con 29 y/o 30 repeticiones CGGs los mas
frecuentes en la poblacion caucésica, representando hasta el 46% de los

cromosomas (Mila et al. 1994). La eficiencia en la sintesis de FMRP
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depende del nimero de CGGs, siendo de 30 repeticiones la longitud
optima de traducciéon proteica, lo que podria explicar la elevada
frecuencia de estos alelos en la poblacion (Chen et al. 2003).

Los alelos intermedios (45-54 CGGs) también son conocidos como
“zona gris” debido a su proximidad entre la separacion de los alelos
normales y premutados. La prevalencia de estos alelos es relativamente
elevada en la poblacion caucasica estimada en 1 de cada 66 mujeres y 1
de cada 112 hombres (Tassone et al. 2012a). Hasta el momento no se
ha establecido una implicacion clinica clara de estos alelos (Hall et al.
2011; Madrigal et al. 2011; Nolin et al. 2013). Actualmente, se
consideran ligeramente inestables existiendo la posibilidad de
expansion al rango de premutacion al transmitirse a la siguiente
generacion e incluso al rango de mutacion completa en 2 generaciones
dependiendo del numero de interrupciones de las secuencia CGG por el
trinucle6tido adenina-guanina-guanina (AGG) (Terracciano et al. 2004;
Zuiiiga et al. 2005; Fernandez-Carvajal et al. 2009).

En los alelos premutados (55-200 CGGs) el rango de repeticiones se
vuelve altamente inestable tanto a nivel meidtico como mitotico,
pudiendo expandir al transmitirse por via materna a alelos con la

mutacion completa. En los alelos intermedios y los premutados la isla



CpG del gen FMRI no esta metilada, y por tanto, hay transcripcion del
ARNm de FMRI1 y sintesis de FMRP.

Finalmente, los alelos con mutaciéon completa (>200 CGGs) se
caracterizan por la hipermetilacion tanto de las citosinas de la propia
expansion como de la isla CpG adyacente que inhibe la transcripcion
génica y por consiguiente se inhibe también la expresion de la proteina
FMRP. Esta mutacion es la causa mas comun de SXF y se atribuye a la
ausencia de FMRP la aparicion de las manifestaciones clinicas en los
individuos afectados (Oberlé¢ et al. 1991; Verkerk et al. 1991; Yu et al.
1991). Sin embargo, se han detectado muy excepcionalmente
individuos SXF como consecuencia de mutaciones puntuales en la
secuencia codificante (Greonskov et al. 2011).

Factores que median la expansion del trinucleétido CGG

El riesgo de expansion de los alelos intermedios y premutados se ha
correlacionado con el origen parental, con el nimero de repeticiones
CGG y con el nimero de interrupciones AGG (Tabla 1).

En primer lugar se ha demostrado que a pesar de la inestabilidad en las
transmisiones por via paterna, las expansiones al rango de mutacion
completa ocurren unicamente en alelos transmitidos por via materna.
En los alelos paternos se han descrito una mayor frecuencia de

contracciones que en los alelos maternos (Rifé et al. 2004; Nolin et al.



1996), mientras que las expansiones aunque se producen
frecuentemente nunca alcanzan el rango de mutacion completa (Nolin
et al. 2003). Este tipo de transmision se cree que es consecuencia de la
seleccion negativa de los gametos con alelos con la mutacién completa
durante la espermatogénesis (Ashley-Koch et al. 1998; Sullivan et al.

2002).

Tabla 1. Riesgo de expansion de los alelos maternos al rango de mutacion completa
en funcion del numero de repeticiones CGG y del numero de interrupciones AGG
(obtenida de Yrigollen et al. 2012).

(AGQG), Riesgo expansion

0 2.6%
(55-59), CGG 1 1.1%
2 0.1%
0 8.2-22.9%
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2 4-12%
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*calc(u§ag(->9pe?rz%o,c89gy 95 1 81.4%-99.4%
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0 99.9%-100%
Lt 005105 I 99.8%-99.9%
2 98.2%-99.5%
110-120), CGG 0 100%
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En segundo lugar, el grupo de Rifé y colaboradores (2004) determind
que los alelos con mas 80 repeticiones CGG tenian un riesgo de
expansion 7 veces superior al de los alelos con 59 repeticiones y en el
caso de los alelos con mas de 100 CGGs el riesgo de expansion era del
100%. En base a estas observaciones, existe una correlacion positiva
entre el riesgo de expansion de los alelos transmitidos por via materna
y el numero de repeticiones, de tal manera que las mujeres con alelos
de mayor tamafio tienen un mayor riesgo de expansion al rango de
mutacion completa (Nolin et al. 2011).

Por ultimo, hay evidencias que sugieren que las interrupciones AGG
tienen un papel importante en el incremento de la estabilidad del tramo
CGG ya que mantienen su nimero y posicion al transmitirse por via
materna (Nolin et al. 2015; Yrigollen et al. 2012). En realidad,
aproximadamente el 95% de los alelos normales contienen 1 o 2
interrupciones, siendo los alelos mas frecuentes los que contienen dos
interrupciones, localizadas después de 9 repeticiones CGG
[(CGG)AGG(CGG)AGG(CGG),] o de 10 repeticiones CGG
[(CGG)10)AGG(CGG)yo(CGG),]. Las primeras evidencias de estos alelos
datan en las primeras divergencias de las razas humanas hace 200.000
afnos (Eichler & Nelson 1996), aunque también se han descrito mas

raramente alelos normales sin ninguna interrupcion o bien con mas de



dos (Yrigollen et al. 2014). Por otra parte los alelos inestables, ya sean
intermedios o premutados, segregados en familias afectadas por el SXF
suelen perder una o ambas interrupciones (Eichler et al. 1994), por lo
que se confiere el mayor riesgo de expansion a los alelos premutados

sin interrupciones (Nolin et al. 2013) (Figura 2).
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Figura 2. Visualizacion de la region polimoérfica CGG del gen FMRI amplificado
mediante el kit Amplidex FMR1 PCR (Asuragen). Se indica el tamafio de la
expansion y la presencia de interrupciones AGG. A) Perfil de un varén portador de un
alelo normal y dos interrupciones; B) Perfil de un varén portador de un alelo con
mutacion completa; C) Perfil de un mujer portadora de un alelo con la premutacion y
un alelo normal; D) Perfil de un varén portador de la premutacion

Actualmente el alelo mas pequefio descrito con capacidad de expandir
al rango de mutacion completa en una unica generacion es de 56
repeticiones CGG sin ninguna interrupcion AGG (Fernandez-Carvajal
et al. 2009). Aparentemente, las interrupciones AGG no tienen ningin
impacto en los procesos de transcripcion y/o traduccion del gen FMRI

(Tassone et al. 2007). Sin embargo, aunque por el momento se
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desconocen los mecanismos por los que median la estabilizacion de la
longitud del tramo CGG, se ha sugerido que impedirian y/o
desestabilizarian la formacion de estructuras secundarias en la region
expandida (ej. CGG hairpin loops), disminuyendo de esta manera el
riesgo de slippage de la ADN polimerasa durante los procesos de
replicacion y/o de reparacion del ADN (Napierala et al. 2005; Jarem et
al. 2010).

Caracteristicas de FMRP

FMRP es un factor de transcripcion que contiene en la parte central de
la proteina dos dominios de homologia hnRNP K (dominios KH) y en
el extremo C-terminal una regién enriquecida en aminoacidos arginina
y lisina conocido como caja RGG. Ambos tipos de dominios
desempefian un papel crucial ya que promueven la interaccion con la
via de los microARNs (miRNAs) (Jin et al. 2004) y le proporcionan la
capacidad de reprimir la transcripcion génica mediante la unién a
estructuras no codificantes de sus ARNm dianas (Darnell et al. 2001;
Darnell et al. 2005). De hecho, la mutacion puntual més severa de un
paciente con el SXF (I304N) se ha descrito en el dominio KH2 (De
Boulle et al. 1993). Ademas FMRP, contiene sefiales de localizacion
(NLS) y de exportacion nuclear (NES) que le permiten actuar como

lanzadera entre el nucleo y el citoplasma de la célula (Figura 3).
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FMRP se expresa de manera ubicua detectdndose en mayor abundancia
en espermetagonias y en tejido cerebral, principalmente en cortex,
cerebelo e hipocampo (Devys et al. 1993). La expresion predominante
en estos tejidos es consistente con la amplia disfuncién neurologica y el
macroorquidismo caracteristico de los individuos afectos con el SXF
(revisado en Hagerman et al. 2014). En las células neuronales, la
localizacion de FMRP es principalmente citoplasmatica, detectandose
en las dendritas, en el soma y en la zona post-sinaptica (Weiler et al.

1997) aunque también se detecta en el nucleo celular gracias a las

senales NLS y NES.
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Figura 3. Esquema estructura proteica de FMRP. La mutacién puntual mas severa y
la secuencia conceso de la sefial de exportacion nuclear se encuentra indicada
(modificado de Kooy et al. 2000).

La funcion principal de FMRP es la inhibicion de la traduccion de sus
ARNm dianas y el transporte de éstos hacia las espinas dendriticas cuya
traduccion también se ve silenciada (revisado en Gallagher & Hallahan
2012; Hagerman et al. 2014). Concretamente, FMRP tiene como diana
entre 400 y 600 transcritos diferentes expresados en el cerebro
incluyendo el suyo propio (Adinolfi et al. 1999). En el citoplasma, se

encuentra asociada con ribosomas libres y/o unidos al reticulo
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endoplasmatico mediante la interaccion con sus ARNms dianas y con
varias proteinas (ej. FXR1P, FXR2P, CYFIP1...), formando complejos
multiproteicos conocidos como ribonucleoproteinas dependientes de
ARNm (revisado en Willemsen et al., 2011). Finalmente, FMRP
también se detecta localizada en granulos citoplasmaticos de ARN que

son dirigidos hacia las espinas dendriticas (Figura 4).
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Figura 4. Funcion FMRP en las neuronas (obtenido de Willemsen et al. 2011).

El gran abanico funcional de FMRP justifica que su ausencia de lugar a
las deficiencias intelectuales manifestadas por los pacientes afectados
con SXF (revisado en Lozano et al. 2014a). El amplio cuadro clinico
presente en los pacientes SXF se atribuye a la desregulacion simultanea
de varias vias de sefializacion neuronal (revisado en Hagerman et al.
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2014). Todas las evidencias hasta el momento, sugieren que la pérdida
de funcion de FMRI promoveria la desregulacion de la sintesis local de
numeros genes implicados en el desarrollo de las espinas dendriticas y
en el proceso de plasticidad sindptica (revisado en Antar & Bassell
2003; Willemsen et al. 2004; Bassell & Warren 2008). A nivel
molecular la plasticidad sinaptica refleja la capacidad de las neuronas
para fortalecer (long-term potentation, LTP) o debilitar (long-term
depression, LTD) las conexiones sinapticas individuales de manera
continuada. Principalmente, las transmisiones LTD vienen inducidas
por receptores mGluR (metabotropic glutamat receptors), proceso
indispensable para la consolidacion de la memoria y el aprendizaje.
Actualmente se ha propuesto la “Teoria del mGluR" en el SXF
(revisado en Bear et al. 2004) ya que se detecta en el modelo murino
knock-out (KO) de fmrl una sefializacion exagerada de esta via tanto
en el hipocampo como en el cerebelo.

Los cambios neurobiologicos que se producen en los pacientes con
SXF se centran en alteraciones estructurales detectadas en las sinapsis.
En el afo 2001, Irwin y colaboradores pusieron de manifiesto mediante
el andlisis microscopico de tejidos post-mortem que los pacientes
afectados con el SXF presentaban espinas dendriticas con un fenotipo

mas inmaduro y una mayor densidad de protuberancias en algunas
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areas del cerebro en comparacion con los individuos normales (Figura
5). Las espinas dendriticas son el punto de contacto en la excitacion de
la neurona postsinaptica, lo que sugiere que la disfuncién cognitiva de
los pacientes SXF subyace en las alteraciones ya sean a nivel funcional,
de fuerza o de desarrollo de la sinapsis (revisado en Pfeiffer & Huber
2009). En consonancia con los hallazgos detectados en pacientes SXF,
estudios realizados en el modelo KO de fmrl de mosca y de raton han
puesto de manifiesto la implicacion de FMRP en la sinapsis ya que, en
ausencia de esta proteina, las neuronas presentan una deficiencia en el
transporte dendritico de los ARNm asi como una movilidad reducida de
los granulos de ARN (Estes et al. 2008; Dictenberg et al. 2008).
Ademas, el modelo murino KO de fimrl presenta tanto las alteraciones
en la funcion sinaptica (revisado en Pfeiffer & Huber 2009) como los

cambios estructurales presentes en los pacientes SXF.

A -, ' Figura 5. Andlisis microscopico de
S 3 espinas dendriticas procedentes de:
A) paciente afectado de SXF; B)

B individuo control (obtenido de
W Twin et al. 2001).
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Capitulo 11

Patologias asociadas a la premutacion del gen FMR]

Desde el descubrimiento del gen FMRI, el conocimiento de las
patologias asociadas a la premutacion ha evolucionado drasticamente
ya que durante muchos afios la importancia de estos alelos se restringia
al elevado riesgo de tener descendencia afectada del SXF.
Historicamente, los individuos portadores de alelos premutados se
consideraban asintomaticos dado que no manifestaban DI. Sin
embargo, desde el ano 2000 han aparecido dos patologias de aparicion
tardia asociadas especificamente a estos individuos: la insuficiencia
ovarica primaria (FXPOI; OMIM#311360, ORPHA619) y el sindrome
de temblor/ataxia asociado al X-Fragil (FXTAS; OMIM#300623,
ORPHA93256). Estas patologias se atribuyen a un mecanismo
diferente de la pérdida de funciéon del gen FMRI, por lo que
representan formas alélicas independientes del SXF. No obstante, cada
vez es mas evidente que existe un amplio espectro de manifestaciones
clinicas que abarca alteraciones cognitivas, psiquidtricas, endocrinas e
inmunolodgicas que afecta en cierto grado a los individuos portadores de
la premutacion (Tabla 2).

Un factor que tienen en comun todas las patologias asociadas a la

premutacion es la penetrancia reducida, es decir, no todos los
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individuos portadores de alelos premutados desarrollaran alguna de
estas patologias y en cambio otros pueden llegar a desarrollar varias de
ellas. En este contexto, el desarrollo de las tecnologias de alto
rendimiento  ha  proporcionado  herramientas  cientifica y
metodoldgicamente prometedoras para el avance del conocimiento
sobre las causas y mecanismos involucrados en las enfermedades
complejas. Entre ellas, los microarrays de expresion son
particularmente potentes para proporcionar una vision global del perfil
de expresion génica en un Unico experimento (Wong & Chang 2005).
En esta tesis doctoral se presentan los resultados obtenidos mediante el
uso de microarrays de expresion génica y de miRNAs, con el fin de
identificar grupos funcionales de genes con una expresion aberrante en
individuos con FXPOI o FXTAS. El trabajo I y el trabajo II de esta
tesis doctoral se centran en la identificacion de mecanismos
moleculares que puedan estar implicados en la patogénesis de FXPOI y
de FXTAS, respectivamente.

Actualmente, la asociacidon entre la premutacion en el gen FMRI y el
FXPOI y/o el FXTAS se encuentra cientificamente documentada. Sin
embargo, respecto las manifestaciones clinicas recientemente asociadas
con los individuos portadores de la premutacion unicamente se ha

descrito una mayor prevalencia de estas patologias, especialmente en
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los pacientes con FXTAS, que la descrita en la poblacion general. Por
lo tanto son necesarios mas estudios para esclarecer su relacion con la
premutacién del gen FMRI. Recientemente nuestro grupo ha editado
un libro centrado en las formas alélicas del gen FMRI y a los fenotipos
asociados. En el anexo 1 de esta tesis doctoral se presenta el capitulo
donde se recogen las principales manifestaciones clinicas asociadas a la

premutacion.
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Capitulo II

Patologias asociadas a la premutacion del gen FMRI1

Tabla 2. Manifestaciones clinicas asociadas a la premutacion del gen FMR1 (modificado del anexo I)

Cohorte estudiada* Referencias

Caracteristicas reproductivas

FXPOI Mujeres PM
Dificultades obstétricas y perinatales Mujeres PM (Revisado en Wheeler et al. 2014)
Manifestaciones asociadas deficiencia de estrogenos Mujeres PM con FXPOI

Trastornos Inmunolégicos

(Berry-Kravis et al. 2007; Coffey et al. 2008;
Fibromialgia Mujeres PM Rodriguez-Revenga et al. 2009a; Lechey et al. 2011;
Winarni et al. 2012)

(Coffey et al. 2008; Rodriguez-Revenga et al.

Trastomos tiroideos Mujeres PM 2009a; Winarni et al. 2012)

Sindrome del intestino irritable Mujeres PM (Winarni et al. 2012)

Deficiencias en la memoria del trabajo Hombres PM (Kogan et al. 2008; Cornish et al. 2009)
Tartamudez Mujeres PM (Sterling et al. 2013)

Discapacidad del procesamiento espacio-temporal PM jovenes-adultos (Wong et al. 2012)

Debilidad aritmética Mujeres PM (Lachiewicz et al. 2006; Semenza et al. 2012)
Retraso del desarrollo Hombres/Mujeres PM (Bailey et al. 2008)
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Disfuncion capacidades autonomicas

Incontinencia fecal y urinaria

Implicaciones neurocognitivas y psiquiatricas

Impotencia Hombres FXTAS (Greco et al. 2007)
Hipertension PM con FXTAS (Coffey et al. 2008; Hamlin et al. 2011)
PM con FXTAS

(Jacquemont et al. 2003; revisado en Leehey 2009)

FXTAS Hombres/Mujeres PM (Hagerman et al. 2001)

Depresion Mujeres PM

Ansiedad Mujeres PM (Rodriguez-Revenga et al. 2008a; Bourgeois et al.
i 2011; Hunter et al. 2012; Kraan et al. 2014)

Trastornos del estado de dnimo Mujeres PM

Convulsiones

Nifios varones PM

(Chonchaiya et al. 2012)

Trastorno del Espectro Autista

Nifios varones PM

(Farzin et al. 2006; Chonchaiya et al. 2012)

Otras manifestaciones clinicas

Migrafia

Hombres/Mujeres PM

Déficit de atencion con hiperactividad Hombres/Mujeres PM (Farzin et al. 2006; Kraan et al. 2014)
Demencia PM con FXTAS (Greco et al. 2006; Rodriguez-Revenga et al. 2010)
Neuropatia periférica Hombres/Mujeres PM (Hagerman et al. 2007; Coffey et al. 2008)

(Au et al. 2013)

*PM: portadores de la premutacion en el gen FMR1




Insuficiencia Ovarica Primaria Asociada al X-Fragil

El ovario humano adquiere su capacidad funcional durante el desarrollo
embrionario ya que las mujeres al nacer tienen un numero finito de
foliculos primordiales que constituyen la reserva ovarica. Al llegar a la
madurez sexual, se establece el proceso ciclico de ovulacion regulado
complejamente por el eje hipotdlamo-hipofisis-ovario (Figura 6). El
numero de foliculos va disminuyendo de manera paulatina a lo largo de
la vida reproductiva hasta llegar su agotamiento de dichos foliculos
primordiales manifestdindose en las mujeres la aparicion de la

menopausia (revisado en Vital-Reyes 2010).

Estradiol & Progesterona

Figura 6.
Eje  hipotalamo-
hipoéfisis-ovario.

Hipotilamo Pituitaria Ovario

La insuficiencia ovarica primaria (POI), antes conocida como fallo
ovarico prematuro (FOP), se define clinicamente como la cesacion de
las menstruaciones antes o alrededor de los 40 afios. Esta fendmeno
viene asociado con un incremento en los niveles en suero de las
gonadotropinas FSH (hormona foliculo estimulante) y LH (hormona
luteinizante), asi como con una disminucién en los niveles de

estrogenos (Nelson 2009). Como consecuencia, la disfuncion ovérica
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promueve la aparicion prematura de problemas de fertilidad y de
hipoestrogenismo que conlleva al envejecimiento temprano de
numerosos tejidos. De esta manera, se incrementa el riesgo de padecer
osteoporosis, enfermedades cardiovasculares o neurodegenerativas
(revisado en Sherman et al. 2014).

Aunque en la mayoria de los casos el origen de la POI es desconocido,
existen numerosos mecanismos patogénicos que pueden conducir a la
menopausia precoz incluyendo tanto alteraciones genéticas como
factores ambientales (ej. enfermedades autoinmunes, metabolicas,
infecciones o causas iatrogénicas) (revisado en Goswami & Conway
2005). Respecto a los factores genéticos, en aproximadamente el 7% de
POI se ha descrito una etiologia genética debida tanto a alteraciones
cromosomicas como génicas. Independientemente de tratarse de casos
familiares o esporadicos, se han detectado principalmente alteraciones
en el cromosoma X (revisado en Persani et al. 2010). De hecho, hasta
un 20% de mujeres con POI idiopatica son portadoras de la
premutacién del gen FMRI, estableciéndose como causa principal de la
POI familiar no sindromica (Sherman 2000; Mallolas et al. 2001). Esta
forma es conocida como FXPOI y su asociaciéon con los alelos

premutados esta bien establecida.
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En realidad, las primeras evidencias de esta asociacion existen desde
antes del descubrimiento del gen FMRI. En 1991, el grupo de Cronsiter
y colaboradores puso de manifiesto un incremento 20 veces superior de
la incidencia de la menopausia precoz en las mujeres portadoras de la
fragilidad del cromosoma X respecto a la incidencia de la poblacion
general establecida alrededor del 1% (Cronister et al. 1991).
Posteriormente, Allinghan-Hawkins y colaboradores (1999) reportaron
que el 16% de las portadoras de la premutacion padecian disfuncion
ovarica mientras que ninguna de las portadoras de la mutacion
completa lo padecia y Ginicamente detectaron un caso (0.4%) entre las
mujeres con alelos normales (Allingham-Hawkins et al. 1999). De esta
manera, la premutacion en el gen FMRI se establecié como factor de
riesgo para el desarrollo de POI. Sin embargo, se cree que todas las
portadoras de la premutacion presentan una disfuncién ovarica en un
rango continuo de severidad, incluso en aquellas que no llegan a
manifestar FXPOI (Sullivan et al. 2011).

Estudios realizados en el modelo murino de FXPOI sugieren que la
disfuncion ovarica en las mujeres con FXPOI podria ser consecuencia
de una aceleracion en la pérdida de los foliculos (Hoffman et al. 2012)
asi como defectos en el desarrollo de los foliculos en crecimiento (Lu et

al. 2012). Sin embargo, los mecanismos moleculares que promueven la
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desregulacion en los oocitos permanecen sin elucidar (revisado en
Wittenberger et al. 2007). No obstante, se han estudiado numerosos
factores que podrian incrementar el riesgo de desarrollar FXPOI (Tabla
3). En primer lugar, se ha descrito una asociacién con el nimero de
repeticiones, estableciéndose el mayor riesgo de POI a los alelos que
contienen entre 80 y 99 repeticiones CGG. Sorprendentemente, esta
relacion no es lineal ya que las mujeres con POI portadoras de alelos
entre 55-78CGGs y 100-200CGGs presentan un menor grado de
disfuncion ovarica (Allen et al. 2007). En segundo lugar, se ha sugerido
que el numero de interrupciones AGG puede influenciar el riesgo a
desarrollar FXPOI. En un estudio realizado por Bodega y
colaboradores (2006), detectaron 9 mujeres con POI portadoras de
alelos intermedios, las cuales presentaban en todos los casos el tramo
CGG ininterrumpido. Sin embargo, para poder asociar la ausencia de
interrupciones AGG con la FXPOI se necesitan mas estudios. En tercer
lugar, aunque no se ha detectado un efecto directo de la inactivacion
preferencial en el cromosoma X con la FXPOI, existen evidencias que
sugieren que este proceso podria estar contribuyendo al fenotipo.
Concretamente, se ha detectado un porcentaje superior de inactivacion
preferencial del alelo normal entre las portadoras con FXPOI que entre

las portadoras que no desarrollaban FXPOI (Rodriguez-Revenga
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2009b). Por ultimo, se ha descartado la influencia de los niveles de
expresion de FMRI (Tejada et al. 2008) asi como del origen parental

del alelo premutado (Murray et al. 2000).

Tabla 3. Estudio de los posibles factores genéticos que medien el desarrollo del
FXPOIL.

Factor Asociacion Referencia
Origen parental No Murray et al. 2000
Numero de repeticiones S Sullivan et al. 2005
CGG
Numero d,e Posible Bodega et al., 2006
interrupciones AGG
Niveles del mRNA de

No Tejada et al., 2008
FMRI1
Background genético Si Hunter et al., 2008
Inactivacion preferencial Posible Rodriguez-Revenga et al.
cromosomaX 20096

Respecto FMRP, a priori se habia descartado su implicacion en la
FXPOI dada la ausencia de este fenotipo entre las mujeres afectadas
con el SXF. Sin embargo, existen evidencias recientes que han
cuestionado el rol de esta proteina en la disfuncion ovérica. En primer
lugar, se ha demostrado que FMRP se expresa en animales wild-type en
las células de la granulosa, en el cuerpo luteo y de manera mas
llamativa en los oocitos (Ferder et al. 2013). Ademas, FMRP es
detectada principalmente de manera citolplasmatica en los oocitos

durante todas las etapas de la foliculogénesis (Figura 7). Finalmente,
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estudios realizados en el modelo murino de FXPOI han evidenciado

una acumulacion nuclear aberrante de FMRP en numerosos oocitos con

un nivel elevado de ubiquitinaciéon (Hoffman et al. 2012). En base a

estas observaciones, se ha sugerido que la disminucion de los niveles

de FMRP podria contribuir a la FXPOI.
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Figura 7. Expresion
proteina FMRP durante
la foliculogenésis en los
ooctios (sefialados por
flechas) y en las células
de granulosa (sefialados
por punta de flecha)
(obtenida de Willemsen
etal. 2011).



Sindrome de Temblor/Ataxia asociado al X-Fragil

El grupo liderado por la Dr. Hagerman describié por primera vez en el
afno 2001 un trastorno del movimiento especifico en 5 varones mayores
de 50 afios portadores de la premutacion caracterizado por un temblor
de accion progresivo y ataxia asociado a ciertos rasgos radioldgicos
(Hagerman et al. 2001). Este sindrome fue denominado FXTAS vy
posteriormente también fue descrito en mujeres portadoras de la
premutacién aunque con una frecuencia menor, una afectacion
fenotipica mas leve y a una edad de presentacion superior (Hagerman et
al. 2004).

FXTAS es una enfermedad neurodegenerativa de aparicion tardia con
penetrancia incompleta dependiente de la edad y del sexo que afecta a
los individuos portadores de la premutacion en FMRI. Sin embargo, se
han descrito algunos casos de FXTAS en individuos portadores de
alelos intermedios (Liu et al. 2013) e incluso mas raramente en
individuos portadores de alelos con la mutacion completa hipometilada
(Loesch et al. 2012; Santa Maria et al. 2014).

Su prevalencia se estima entre el 40-45% para los varones y en el 8-
16% para las mujeres por encima de los 50 afios, aunque se ha

demostrado que la penetrancia incrementa con la edad afectando
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alrededor del 75% de los individuos premutados a partir de los 80 afios
(Jacquemont et al. 2004; Rodriguez-Revenga et al. 2009a).

Por otra parte, se ha puesto de manifiesto que hasta un 4% de los
individuos con alteraciones del movimiento de etiologia desconocida
son portadores de la premutacion en FMR1, de esta manera, FXTAS se
considera la forma mas comun de trastornos del movimiento causados
por un defecto monogénico (Macpherson et al. 2003; Rodriguez-
Revenga et al. 2007; Rodriguez-Revenga et al. 2008b). El diagnostico
temprano de estos pacientes no s6lo aporta un beneficio para ellos sino
que también tiene un doble interés ya que repercute en el resto de la
familia, la cual debe recibir asesoramiento genético sobre el SXF.

Los sintomas clinicos aparecen en los portadores de la premutacion a
partir de los 50 afos de vida y aunque existe una gran variabilidad en la
progresion de la disfuncion neuroldgica, normalmente lo primero que
se manifiesta es un temblor de intencién en la mano dominante. Este
temblor es progresivo y a medida que avanza la enfermedad van
apareciendo otros sintomas tales como la ataxia que conlleva problemas
de equilibro con frecuentes caidas, la pérdida de sensibilidad en
extremidades distales y la aparicion de pérdidas en funciones
autobnomas como son la impotencia, la hipertension o la pérdida del

control de los esfinteres (revisado en Hagerman et al. 2003; Hagerman

28



& Hagerman 2013). Ademads, aproximadamente el 64% de los
pacientes con FXTAS presenta sintomas parkinsonianos caracterizado
por un temblor intermitente en reposo, facies inexpresiva y un tono
incrementado (Apartis et al. 2012). Generalmente, los pacientes
FXTAS experimentan ademds sintomas psicologicos como son la
ansiedad, la irritabilidad, los cambios de humor y el comportamiento de
reclusion, que podrian estar relacionados con la alteracion cognitiva y/o
con cambios en el area limbica del cerebro (revisado en Hagerman &
Hagerman 2004). Finalmente, en estadios mas avanzados de la
enfermedad algunos pacientes pueden manifestar déficit cognitivo
asociado principalmente a problemas de memoria y de la funcion
ejecutiva, que incluso puede llegar a progresar a demencia en algunos
casos (Rodriguez-Revenga et al. 2010).

El anélisis de las imagenes obtenidas mediante resonancia magnética
(RM) cerebral han permitido establecer marcadores especificos de la
enfermedad de FXTAS. Concretamente estos pacientes presentan un
incremento en la sefial, obtenida en las imagenes de secuencia T2, de
los pedunculos medios cerebelosos (sefial MCP) asi como de la
sustancia blanca cerebral adyacente que se consideran caracteristicas
patonomonicas de los pacientes FXTAS (Figura 8). Otros hallazgos

neuroradioldgicos caracteristicos son la deteccion de un aumento del
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tamafio de los ventriculos cerebrales y de
generalizada afectando al cortex, al cerebelo

(Jacquemont et al. 2003; Rodriguez-revenga et al.

una atrofia cerebral
y al tronco cerebral

2012).

Figura 8. Imagenes de
resonancia magnética en
secuencia T2,
representdndose a la
izquierda un individuo
control (modificadas de
Hagerman 2013) y a la
derecha un  paciente
FXTAS (modificadas de
Rodriguez-Revenga et al.,
2012). Las flechas
blancas seflalan  las
hiperintensidades de: a)
los pedinculos medios
cerebelosos, conocida
como semal MCP y b) la
sustancia blanca cerebral.

Respecto los aspectos neuropatoldgicos, el estudio inmunohistologico

de tejidos cerebrales obtenidos de pacientes FXTAS post-mortem ha

permitido descubrir tres caracteristicas generales. En primer lugar, se

ha puesto de manifiesto la afectacion de la sustancia blanca cerebral y

cerebelar. En segundo lugar, estos pacientes presentan afectacion de los

astrocitos, sobretodo en la region de la sustancia blanca cerebelar

subcortical. Finalmente, se ha identificado la presencia de inclusiones
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aisladas en los nucleos de neuronas y astrocitos (Figura 8), distribuidas
de manera extensa por el cerebro y el tronco cerebral, con una mayor
densidad en el hipocampo y en el cortex frontal (Greco et al. 2002;
Greco et al. 2006). Las inclusiones no se detectan en las células de
Purkinje, aunque si que se observa una pérdida importe de este tipo
celular asi como una degeneracion axonal en el cerebelo (Greco et al.
2002).

Las inclusiones representan la caracteristica neuropatoldgica mas
llamativa asociada a FXTAS y se ha descrito una asociacion
significativa entre el nimero de inclusiones, el nimero de repeticiones
CGG y la edad de fallecimiento del paciente que ademds correlaciona
con el caracter progresivo de la enfermedad (Greco et al. 2006). Por
ultimo, estas inclusiones se diferencian inmunohistoquimicamente de
las detectadas en otras ataxias asociadas a expansiones del trinucelotido
citosina-adenina-guanina (CAQG) ya que presentan tincion positiva para
hematoxilina-eosina y para ubiquitina mientras que son negativas para
poliglutamina (poliQ), a-synucelina y tau (Figura 9).

De la misma manera que se ha propuesto para otras enfermedades
neurodegenerativas causadas por expansiones tipo CAG como el Corea
de Huntington (HD) o las ataxias espinocerebelosas, las inclusiones

halladas en el tejido cerebral de pacientes FXTAS podrian tener un
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efecto citotoxico y conducir a la muerte celular. Sin embargo, la
presencia de estas inclusiones en algunos portadores de la premutacion
sin FXTAS ha puesto en controversia su impacto sobre la viabilidad
celular (Tassone et al. 2012b) ya que no queda claro si son toxicas per
se o simplemente son consecuencia de la disfuncion celular subyacente
(Hunsaker et al. 2011).

Aunque se han descrito casos de FXTAS en individuos con alelos
intermedios o con la mutacién completa sin metilar, actualmente el
diagnostico de FXTAS se basa en los criterios establecidos por el grupo
de Jacquemont y colaboradores (Tabla 4). De esta manera, en base a la
combinacion de signos clinicos, radiologicos y neuropatoldgicos que
manifiesten los individuos, los pacientes FXTAS se clasifican como

29 <¢

“posible”, “probable” o “definitivo”.

Figura 9. Inclusiones

.G’f' intranucleares en neuronas y

P astrocitos de pacientes FXTAS.
Las secciones de parafina con

> tincion de hematoxilina-eosina

muestran la presencia de las
inclusiones en: a) en las células
= 3 = » piramidales y b) en astrocitos del
s cortex frontal (Modificado de
Tassone et al., 2012b); ¢)
el inclusiones ubiquitin-positivas de

; . region hipocampal (modificado de
o 5 Willemsen et al., 2011)
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Tabla4. Criterios diagnodsticos para FXTAS (modificado de Hagerman & Hagerman

2013).
Criterio numero de repeticiones CGG del gen FMRI entre 55
inclusion y 200
Categorias Signos Signos Signos
diagndsticas Radiolégicos Clinicos Neuropatologicos
1 criterio 1 criterio
DEFINITIVO mz%yor. Yo
1 criterio .
1 criterio mayor
mayor
1 criterio 1 criterio
mayor menor
PROBABLE ——
2 criterios
mayores
POSIBLE 1 criterio 1 criterio
menor mayor

Criterios Radiologicos
RM con lesiones en la sustancia blanca en MCPs y/o en el

Mayor

y tronco cerebral
Menor RM con lesiones de la sustancia blanca en el cerebro
Menor Atrofia moderada-severa generalizada

Signos Clinicos

Mayor Temblor de intencion

Mayor Ataxia de la marcha

Menor Parkinsonismo

Menor Pérdida de memoria a corto plazo moderada-severa
Menor D¢éficit funcion ejecutiva

Signos Neuropatologicos (post-mortem)

Inclusiones intranucleares

Mayor




Capitulo 111

Mecanismos moleculares asociados a la premutacion

Existen un elevado numero de enfermedades hereditarias causadas por
la expansién de secuencias repetitivas de ADN, la mayoria de las
cuales provocan la aparicion de trastornos neurologicos 'y
neuromusculares. En el genoma humano se han caracterizado cuatro
tipos de trinucledtidos (CGG/GCC, CAG/GTC, CTG/GAC vy
GAA/CTT) asociados a enfermedad, cuya fisiopatologia varia
dependiendo no solo de su secuencia sino también en funcion de su
localizacion ya que pueden detectarse tanto en regiones codificantes
como en regiones intronicas e intergénicas (Figura 10). EI SXF fue la
primera patologia humana descrita originada por en un proceso de
mutacion dindmica ya que estas expansiones son altamente inestables y
se transmite con un inusual patron de herencia no mendeliano (revisado

en Rosales-Reynoso et al. 2009).

" HD i _ACAGIN
CAG 50481236717 o 5088 <7
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wonctor (50 (D e R -
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Figura 10. Diagrama de la estructura génica general que sefiala la localizacion de las
expansiones de trinucledtidos asociadas a enfermedad (modificado de Rosales-
Reynoso et al 2009).



Aunque cada enfermedad esta causada por una mutacion en particular,
estos trastornos comparten un elevado nimero de caracteristicas como
la penetrancia incompleta, la expresividad variable y el fenomeno de
anticipacion (Ashley & Warren 1995). Las mutaciones en regiones no
codificantes, como en el caso del gen FMRI, suelen traducirse en
enfermedad mediante la expresion de un transcrito expandido (ej.
FXTAS) o bien mediante la pérdida de funcion del gen debido a la
disrupcion de su transcripcion (ej. SFX). Por otra parte las mutaciones
en regiones codificantes, como en el gen HTT, suelen ser del tipo CAG
y promueven la sintesis de proteinas con una region poliQ que se
fragmentan en péptidos toxicos para la célula (ej. HD) (revisado en
Nelson et al. 2013).

Con respecto a las patologias asociadas a la premutacion del gen
FMRI1, el promotor del gen se encuentra sin metilar, por lo que el gen
permanece activo. De hecho, la caracteristica molecular asociada a los
individuos portadores de la premutacion es el incremento de la
expresion del gen FMRI de 2 a 8 veces (detectada en linfocitos) y una
ligera disminucion en los niveles de FMRP respecto a los niveles
detectados en individuos con alelos normales (revisado en Hagerman &
Hagerman 2004). Los niveles del ARNm parecen estar correlacionados

con el numero de repeticiones CGG, de manera que cuanto mas se
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acerca el numero de repeticiones al limite superior de la premutacion
(100-200 CGG) mas se elevan los niveles del ARNm de FMRI y mas
baja la sintesis de FMRP (Tassone et al. 2000a; Tassone et al. 2000b).
Este incremento no esta ligado a una mayor estabilidad del ARNm ya
que el proceso de degradacion de ARN por mutaciones terminadoras,
conocido normalmente como nonsense mediated decay, no esta
alterado en los individuos portadores de la premutacion (Tassone et al.
2000a). Por otra parte, existe una correlacion negativa entre la longitud
de la expansion de los alelos premutados y la eficiencia del proceso de
traduccion, de manera que las expansiones de menor tamafio permiten
una traduccion mas eficiente, estableciéndose un limite en las 100
repeticiones CGG donde la eficiencia de la traduccion se ve reducida.
En base a estas observaciones se ha postulado que podria generase un
mecanismo de retroalimentacion negativa que por una parte resultaria
en un incremento de la transcripcion génica y por otra en la
disminucién de la sintesis de FMRP (Tassone et al. 2007; Peprah et al.
2010).

Hasta la fecha, se han propuesto tres posibles mecanismos responsables
del incremento de la transcripcion del FMRI expandido (revisado en
Usdin et al. 2014). En primer lugar, se ha puesto de manifiesto que

tramos largos de repeticiones CGG impiden la formacion de los
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nucleosomas in vitro (Wang et al. 1996), de manera que si este proceso
se ve alterado in vivo el promotor de FMRI estaria mas accesible para
su interaccion con los factores de transcripcion. En segundo lugar, se ha
detectado un aumento de la acetilacion de las histonas del promotor de
FMRI que también podria mediar el incremento de la expresion de este
gen (Todd et al. 2010). Sin embargo atn estd por determinar si este
hallazgo es realmente una causa o bien una consecuencia de la
transcripcion de FMRI. Por ultimo, se ha demostrado la formacién de
hibridos de ADN/ARN en los alelos premutados conocidos como R-
loops (Loomis et al. 2014). Estas estructuras promueven el
silenciamiento génico en el SXF (Groh et al. 2014) y en los alelos con
la premutacion podrian promover una mayor transcripcion ya que son
poco propensos al ensamblaje de los nucleosoma y se cree que bajo
estas circunstancias son mas propensos a descondensar la cromatina.
Mecanismo de toxicidad del ARNm expandido de FMRI1

Como se ha descrito anteriormente en otras enfermedades
neurodegenerativas (ej. distrofia miotonica), las patologias asociadas a
la premutacién se basan en un modelo de ganancia de funcion toxica
del ARNm (revisado en Hagerman 2013; Li & Jin 2012). Bajo este
modelo, el evento desencadenante en la patogénesis del FXTAS

implica el reclutamiento excesivo de diversas proteinas de union a
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ARN que alteraria la funcién que ejercen en la célula (revisado en
Hagerman & Hagerman 2015). El secuestro proteico se cree que viene
mediado por la formacidon de estructuras secundarias inducidas por la
propia expansion (ej. “Hairpins’) que promoveria la union excesiva de

estas proteinas (Figura 11).

(CGG) g5 200

Figura 11. Modelo de
ganancia de funcion

FMR1 . — toxica del ARNm de
RNA T FUR ORF FMRI (obtenido de
loss of function
o g S~ SAMES .ot N Berman et al. 2014).
signal
hnRNP A2/B1 - loss of RNA
chaperone function, mislocalization

of BC1 RNA, etc
Pura - Stress and
Immune effects

En consonancia, los hallazgos observados en tejidos cerebrales post-
mortem de pacientes FXTAS apoyan este modelo de toxicidad ya que
se han identificado en las inclusiones de los pacientes mas de 30
proteinas, aunque no FMRP, imprescindibles para la funcién normal de
la célula ademas de el ARNm de FMRI (Iwahashi et al. 2006, Iwahashi
& Hagerman 2008). Entre las proteinas detectadas se encuentran:
Sam68, moduladora del splicing de los ARNSs; Pura, activador
transcripcional posiblemente implicado en la replicacion del ADN;

hnRNP A2, implicada en el metabolismo y transporte de los ARNms y
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DGCRS, imprescindible para la biogénesis de los miRNAs (revisado en
Hagerman & Hagerman 2015).

Traduccion no mediada por AUG (RAN translation)

A pesar de las multiples evidencias que apoyan el modelo de toxicidad
del ARNm de FMRI, se han propuesto otros mecanismos como
posibles procesos desencadenantes de la patogenicidad de los alelos
premutados (revisado en Hagerman 2013). Recientemente, la toxicidad
mediada por el mecanismo de RAN (Repeat-Associated Non-AUG-
initiated) translation se ha asociado con la enfermedad de FXTAS y de
FXPOI. Este mecanismo promueve la traduccion independientemente
del codon de inicio AUG, de esta manera, el tramo de repeticiones
CGG puede ser traducido en cualquiera de sus posibles pautas de
lectura (CGG, GGC o GCC), dando lugar respectivamente a péptidos
de poliarginina (poliR), poliglicina (poliG) y polialanina (poliA) que
podrian resultar toxicos para la célula, como se ha descrito en las
enfermedades asociadas a la sintesis de poliQ (revisado en Weber et al.
2014). El grupo de Todd y colaboradores (2013) ha puesto de
manifiesto la acumulacion de péptidos con tramos poliG (FMRpoliG)
en las inclusiones ubiquitin-positivas en diversos modelos animales y
celulares asi como en muestras cerebrales procedentes de pacientes

FXTAS post-mortem (Figura 12). Estos autores han identificado en el
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modelo animal de Drosophilla una correlacion positiva entre los
niveles de FMRpoliG vy la toxicidad celular (Todd et al. 2013). Por otra
parte, se ha detectado la presencia citoplasmatica de la proteina
FMRpoliG en las células de la granulosa que envuelven el oocito en las
mujeres portadoras de la premutacion (comunicacion oral Cohen 2015).
Estas evidencias sugieren que el mecanismo de RAN translation podria
promover un efecto toxico asociado a sintesis de FMRpoliG en FXTAS

y FXPOL

Scanning
435 complex
stalls at repeat.

g 3662662662bb2bba

EMRP coding Sesenco Figura 12. Modelo
de toxicidad basado
en el mecanismo de
RAN translation
(obtenido de Todd et
al. 2013).
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Factores adicionales

La penetrancia reducida es una caracteristica comun de todas las
patologias asociadas a la premutacion del gen FMRI, por lo que deben
existir ademas de la premutacién otros factores implicados en la
aparicion y desarrollo de estos trastornos (revisado en Hagerman &
Hagerman 2015). Como en todas las enfermedades de herencia ligada
al cromosoma X, se ha sugerido que la prevalencia del FXTAS en las
mujeres portadores de la premutacidon es menor respecto a los hombres
debido a la contribucion del alelo normal, aunque no se descarta la
implicacion de otros factores genéticos sexo-dependientes.

En las mujeres tiene lugar la XCI al azar de uno de los cromosomas X
para equiparar la dosis de los genes de este cromosoma respecto a la de
los hombres. En la mayoria de los casos cada alelo contribuye con una
ratio del 50:50, por lo que cada cromosoma X se encuentra activo en un
mismo numero de células. Sin embargo, en algunos casos el proceso de
XCI se encuentra, detectandose una distribucién de XCI que oscila de
ratios 100:0 hasta 0:100. Se considera inactivacion preferencial severa
a partir de una ratio de XCI 90:10 y/o 10:90 (Amos-Landgraf et al.
2006). En las mujeres portadoras de alteraciones cromosOmicas o
génicas del cromosoma X se ha descrito una mayor frecuencia de este

mecanismo, que en el caso del FXTAS tendria lugar la inactivacion
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preferencial del alelo normal. En el trabajo III de esta tesis doctoral se
presentan los resultados obtenidos del estudio del proceso de
inactivacion preferencial en las mujeres portadoras de la premutacion
cony sin FXTAS.

Existen otros factores genéticos, como polimorfismos y variaciones en
el nimero de copia (CNVs), que podrian modular el riesgo a desarrollar
ciertas patologias asociadas a la premutacion. En el afio 2012 se
determiné la asociacion entre la presencia del polimorfismo rs7209436
del gen CRHRI y un mayor riesgo de depresion y ansiedad entre las
mujeres portadoras de la premutacion (Hunter et al. 2012).
Posteriormente, en el trabajo presentado por Silva y colaboradores
(2013) se identific6 que alelo 4 de la apoliproteina E (A4poFE),
considerado factor de riesgo en la enfermedad de Alzheimer, podria
predisponer también al desarrollo del FXTAS en los individuos
portadores de la premutacion (ver anexo 2). Recientemente, se ha
identificado la presencia de CNVs en aproximadamente el 20% de los
portadores de la premutacion afectados con trastornos del espectro
autista y/o problemas neuroldgicos que podrian actuar como second
hits en estos individuos (Lozano et al. 2014b).

Respecto los factores ambientales, existen evidencias que ponen de

manifiesto su asociacion con algunas patologias asociadas a la
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premutacion. Si bien es sabido que el efecto del tabaco se ha asociado
con la menopausia precoz que afecta a la poblacion general, se ha
demostrado que las mujeres portadoras de la premutacion fumadoras
experimentan la aparicion de la FXPOI a edades mas avanzadas que las
premutadas no fumadoras (Allen et al. 2007; Spath et al. 2011). Por
otra parte, en FXTAS se ha evidenciado que la exposicion a determinas
toxinas (ej. tratamiento del cancer con quimioterapia) promueve
fenotipos mas severos y a una edad de debut més temprana (Paul et al.
2010). Del mismo modo, el abuso de drogas o el someterse a
procedimientos quirurgicos que conlleven el uso de anestesia se han
descrito como factores de riesgo para FXTAS (revisado en Polussa et
al. 2014; Hagerman & Hagerman 2013).

En resumen, el gran desafio de las patologias asociadas a la
premutacién es poder identificar aquellos portadores que desarrollaran
alguno de estos trastornos para ofrecerles un asesoramiento genético
preciso. La identificacion y caracterizacion de posibles biomarcadores
resultaria de gran importancia puesto que permitiria un diagndstico
presintomatico y quizas a un tratamiento precoz que diera lugar a un

enlentecimiento de la progresion de la enfermedad en estos individuos.
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Disfuncion mitocondrial y FXTAS

Desde hace unos afios la disfuncion mitocondrial se han propuesto
como uno de los mediadores centrales de la desregulacion y de la
disfuncion celular en los pacientes FXTAS (revisado en Hagerman &
Hagerman 2013). El sistema nervioso central (SNC) depende en gran
medida del funcionamiento eficiente de las mitocondrias debido a la
elevada demanda energética de las neuronas. Las mitocondrias son la
mayor fuente de suministro de adenosina trifosfato (ATP) a través de la
fosforilacion oxidativa. Mediante este proceso metabolico la energia
liberada por la oxidacion de nutrientes es utilizada para producir ATP y

especies reactivas del oxigeno (ROS) (Figura 13).

succinato
fumarato

NADPH
NAD' Matriz mitocondrial

Figura 13. Esquema via fosforilacion oxidativa (modificado de Bhat et al 2015).

La disfuncion mitocondrial se ha propuesto como mecanismo
patogénico unificador de numerosas enfermedades neurodegenerativas

comunes (ej. Alzheimer, Parkinson o Huntington) dado que se ha
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demostrado que la disminucion de la sintesis de ATP y/o el incremento
del estrés oxidativo pueden conducir a la neurodegeneracion (revisado
en Federico et al. 2012).

En los individuos portadores de la premutacion se han publicado
recientemente diversos trabajos que ponen de manifiesto la alteracion
de la funciéon mitocondrial en estos individuos que podria explicar la
reduccion de la viabilidad neuronal (Ross-Inta et al. 2010; Napoli et al.
2011; Kaplan et al. 2012; Hukema et al. 2014). Con el fin de aportar
nuevos datos sobre la asociacion entre disfuncién mitocondrial y
FXTAS, en el Trabajo IV de esta tesis doctoral se presentan los
resultados obtenidos hasta el momento del estado de las funciones

mitocondriales en los pacientes FXTAS.
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HIPOTESIS

Las patologias asociadas a la premutacion en FMRI presentan una
penetrancia reducida debida a multiples factores genéticos y
ambientales. Los mecanismos subyacentes que explican la asociacion
entre la disfunciéon ovarica primaria y la premutacion en FMRI
actualmente se desconocen. El estudio mediante microarrays de
expresion del perfil de expresion génica en mujeres portadoras de la
premutacién con y sin FXPOI y en mujeres control puede conducirnos
a la identificacion de vias potencialmente causales o a funciones
bioquimicas alteradas que se encuentren implicadas en la patogénesis
del FXPOL.

Por otra parte, la expresion del gen FMRI esta regulada por diversos
miRNAs, FMRP interacciona con la maquinaria de los miRNAs e
incluso con algunos directamente y se han identificado a DROSHA y
DGCRS entre las proteinas secuestradas por el ARNm expandido de
FMRI. En base a estas observaciones, la desregulacion de los miRNAs
podria tener un papel en la patogénesis del FXTAS. Ante este
escenario, la aplicacion de la microarrays de expresion en el estudio de
las patologias asociadas a la premutacion puede ser de gran interés ya
que puede aportar informacion sobre las causas genéticas del desarrollo

del FXPOI y del FXTAS.
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Por ultimo, la disfuncién de la actividad mitocondrial podria estar
implicada en la patogénesis del sindrome FXTAS, de la misma manera
que sucede en otras enfermedades neurodegenerativas, tales como
enfermedad de Alzheimer, Parkinson o Huntington. La caracterizacion
de la via de la fosforilacion oxidativa podria identificar alteraciones
moleculares que dieran lugar a terapias dirigidas a restablecer los
procesos mitocondriales basicos tales como el metabolismo de energia
o la generacion de radicales libres, los cuales proporcionarian una gran

esperanza en el tratamiento del FXTAS.
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OBJETIVOS

El objetivo principal de esta tesis doctoral es el de ampliar el
conocimiento de las bases moleculares de las patologias asociadas a la
premutacion, principalmente en FXPOI y FXTAS.

Los objetivos especificos de esta tesis doctoral son los siguientes:

1. Determinar el perfil de expresion génica en sangre periférica en
mujeres de la poblacion general y en las portadoras de la
premutacion con y sin FXPOL

2. Identificar grupos funcionales cuya expresion se ve desregulada
por la premutacion en FMRI que puedan estar implicados en la
FXPOL.

3. Determinar el perfil de expresion de los miRNAs en muestras
de sangre periférica en varones de la poblacion general y en
portadores de la premutacion con FXTAS.

4. Identificar los miRNAs que puedan estar implicados en la
aparicion y desarrollo de FXTAS.

5. Estudiar vias que puedan repercutir en la viabilidad de la célula
como la via de la fosforilacion oxidativa.

6. Estudiar posibles factores que puedan modificar la penetrancia

de las patologias asociadas a la premutacion del gen FMRI.
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Capitulo I

Mecanismos patogénicos en FXPOI

TRABAJO I

“DESREGULACION DE VIAS DE SENALIZACION CLAVE
INVOLUCRADAS EN LA MADURACION DE LOS OOCITOS EN
MUJERES PORTADORAS DE LA PREMUTACION EN EL GEN
FMRI CON FXPOI”

Resumen:

La POI afecta aproximadamente al 1% de la poblacion general mientras
que entre las mujeres portadoras de la premutacion del gen FMRI la
prevalencia se encuentra alrededor de un 20% y se conoce FXPOL
Actualmente se desconoce el mecanismo molecular que da lugar a la
reduccién de la viabilidad en el ovario; sin embargo, se ha sugerido que
podria deberse a una disminucion del nimero inicial de foliculos.
Estudios recientes en el modelo murino de FXPOI han descartado esta
hipotesis ya que se ha demostrado una mayor tasa de deplecion de los
foliculos asi como problemas en el desarrollo de los foliculos en
crecimiento.

El objetivo de este estudio es proporcionar nuevos datos sobre los
mecanismos moleculares que conducen a FXPOIL Con este fin se
determind el perfil de expresion génica mediante microarrays de

expresion en muestras de sangre periférica procedentes de 12 mujeres
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portadoras de la premutacién en el gen FMRI (6 FXPOI y 6 NO-
FXPOI) y como grupo control 4 mujeres de la poblacion general con
una edad de aparicion de la menopausia superior a los 50 afios.

Los resultados del andlisis de expresion diferencial de los datos
obtendios mediante microarrays no identificaron diferencias
significativas entre grupos. Sin embargo, en el andlisis de
enriquecimiento funcional se identificaron varias vias de sefializacion
imprescindibles para la maduracion de los oocitos desreguladas
significativamente en las mujeres portadoras de la premutacion con
FXPOI. En concreto se detectd una infraregulacion de las vias de
sefnalizacion por VEGF, el metabolismo del inositol fosfato, el ciclo
celular y la sefializacion por las MAPK asi como numerosos procesos
biologicos relacionados con la supervivencia y muerte celular en las
mujeres con FXPOL.

En resumen, estos datos sugieren que la disfuncion ovarica
asociada a los alelos premutados se debe a la desregulacion
generalizada de vias de sefializacion indispensables para la maduracion
de los oocitos. Por lo tanto, para profundizar en el conocimiento de los
mecanismos moleculares del FXPOI e incluso para el desarrollo de
posibles tratamientos, se deberian considerar los genes por bloques

funcionales en lugar de centrar los estudios en un inico gen y su efecto.
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we report the first investigation involving transcription profiling of total blood from FMR1 premutation female
carriers with and without FXPOL. A total of 16 unrelated female individuals (6 FMRI premutated females with

ﬁ:,,};ﬂ;ul;f:mumion FXPOI; 6 FMR1 premutated females without FXPOI; and 4 no-FXPOI females) were studied by whole human
FXPOI genome oligonucleotide microarray (Agilent Technologies). Fold change analysis did not show any genes with
Female infertility significant differential gene expression. However, functional profiling by gene set analysis showed large number
Oocyte maturation of statistically significant deregulated GO annotations as well as numerous KEGG pathways in FXPOI females.

These results suggest that the impairment of fertility in these females might be due to a generalized deregulation
of key signaling pathways involved in oocyte maturation. In particular, the vasoendotelial growth factor signal-
ing, the inositol phosphate metabolism, the cell cycle, and the MAPK signaling pathways were found to be
down-regulated in FXPOI females. Furthermore, a high statistical enrichment of biological processes involved
in cell death and survival were found deregulated among FXPOI females. Our results provide new strategic
approaches to further investigate the molecular mechanisms and potential therapeutic targets for FXPOI not
focused in a single gene but rather in the set of genes involved in these pathways.
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1. Introduction
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follicle-stimulating hormone; FXPOI, Fragile X-associated primary ovarian insufficiency;
FMRP, Fragile X mental retardation protein; FXS, Fragile X syndrome; FXTAS, Fragile
X-associated tremor/ataxia syndrome; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of

Primary ovarian insufficiency (POI), previously referred as prema-
ture ovarian failure (POF), is defined as the occurrence of amenorrhea

Genes and Genomes; FDR, False Discovery Rate; VEGF, vasoendotelial growth factor. for at least 4 months, before the age of 40 in women, accompaﬂied
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biological functions such as regulation of the hypothalamic-pituitary
ovarian axis, regulation of oogenesis, coordination of development of
germ cell to primordial stage, regulation of development of further
stages and participation in systemic endocrinal functions (Dixit et al.,
2010).

The most common known genetic cause of 46, XX POl is the expan-
sion of a CGG repeat located in the 5’ UTR region of the FMR1 gene,
referred as Fragile X-associated POI (FXPOI) (Sullivan et al., 2005) or
POF1 (MIM # 311360). This CGG repeat element is polymorphic in the
general population, ranging from 6 to 54 repeats. However, the CGG
track can be unstable upon maternal transmission and the number of
repeats can expand in the next generation. Full-mutated alleles (CGG
>200 repeats) become transcriptionally silenced through a methylation
mechanism, leading to an absence of FMR1 protein (FMRP) (Oberlé
etal, 1991; Verkerk et al., 1991; Yu et al,, 1991), which is responsible
for Fragile X syndrome (FXS) (OMIM # 300624). Individuals with alleles
between 55 and 200 CGG repeats are called FMR1 premutation carriers.
In this premutation condition, the FMR1 gene is hyperfunctional and the
FMRP is at normal levels, and this is why carriers of FMR1 premutation
alleles were assumed to be clinically unaffected. However and contrary
to expectation, a subgroup of male and female carriers does show some
clinical affectation, which among others includes FXPOI and Fragile
X-associated tremor/ataxia syndrome (FXTAS) (reviewed in Hagerman
and Hagerman, 2004; Willemsen et al., 2011).

POI occurs in approximately 1% of the general female population
(Coulam et al., 1986), whereas up to 20% of the FMR1 premutation fe-
male carriers are affected of this condition (Sherman, 2000). Conversely,
2-14% of women with idiopathic sporadic POI are estimated to carry an
FMR1 premutation allele (Mallolas et al., 2001).

It was found that FMR1 premutation alleles are transcriptionally
up-regulated with some individuals presenting markedly increased
(2-8-fold) production of the expanded CGG-repeat mRNA (Tassone
et al.,, 2000). This fact together with the absence of FXTAS or FXPOI
cases in the full-mutation range, promoted to propose an RNA “toxic
gain-of-function” model for FMR1 premutation associated pathologies
(Hagerman and Hagerman, 2004).

Currently, the mechanism of the impaired ovarian function related
to the FMR1 premutation is unclear. In an attempt to provide new in-
sights on the mechanisms that lead to FXPOI, we report here the first in-
vestigation involving transcription profiling of total blood from FMR1
premutation females carriers with and without FXPOL

2. Material and methods
2.1. Human samples

A total of 16 unrelated female individuals were selected and divided
in three groups: 6 FMR1 premutated females with FXPOI (Group 1); 6
FMR1 premutated females without FXPOI (Group 2); and 4 no-POI fe-
males with normal FMR1 alleles (Group 3). All FMR1 premutation car-
riers were recruited from FXS families. Data from CGG repeat number
and menopause onset of these individuals are summarized in Table 1.
All subjects provided written informed consent for testing and for the
research use of their phenotypic and genetic data. The study was ap-
proved by the Ethics Committee of the Hospital Clinic of Barcelona.

2.2. Total RNA isolation

For each individual, 2.5 mL of peripheral venous blood was collected
in 5 mL PAXgene tubes (Qiagen, Valencia, CA, USA). Total RNA was iso-
lated and purified with the PAXgene Blood RNA Kit according to
manufacturer's instructions (Qiagen, Valencia, CA, USA). The RNA qual-
ity and quantity were evaluated on an Agilent 2100 Bioanalyzer with
RNA6000 Nano Reagents and Supplies (Agilent Technologies, Santa
Clara, CA, USA).

Table 1
Characteristics of FMR1 premutated and non-premutated females.
(CGG)n Amenorrhea onset Age

Gl1_1 33,71 40 45
G122 30,94 40 49
G1.3 30,82 40 65
Gl 4 29,62 40 57
G1.5 30,68 39 60
G1_6 30, 154 38 78
G2_1 20,76 NA 48
G2_2 27,60 47 67
G2_3 45,80 52 56
G2_4 29,70 50 50
G2.5 30,80 NA 42
G2.6 30,168 51 61
G3_1 29,32 53 64
G3_2 28,29 50 51
G3_.3 29,29 48 55
G3_4 27,30 56 61

G1 (FMR1 premutation female carriers with FXPOI).

G2 (FMR1 premutation female carriers without FXPOI).

G3 (no-POI females with normal FMR1 alleles).

NA (not applicable).

2.3. Gene expression microarray

Four hundred nanograms of the total RNA was labeled using Quick
Amp Labeling kit following the manufacturer's instructions (One-Color
Microarray-Based Gene Expression Analysis Quick Amp Labeling Proto-
col Version 5.7, Agilent Technologies, Santa Clara, CA, USA). Briefly,
mRNA was reverse transcribed in the presence of T7-oligo-dT primer
to produce cDNA. cDNA was then in vitro transcribed with T7 RNA po-
lymerase in the presence of Cy3-CTP to produce labeled cRNA. The la-
beled cRNA was hybridized to an Agilent 4x44K Whole Human
Genome 60-mer oligonucleotide microarray, according to the
manufacturer's protocol (Agilent Technologies, Santa Clara, CA, USA).
Afterwards the microarrays were washed and scanned on an Agilent
G2565CA Microarray Scanner System (Agilent Technologies, Santa
Clara, CA, USA). Data were extracted using Feature Extraction
V10.7.3.1 (Agilent Technologies, Santa Clara, CA, USA).

2.4. Data processing and statistical analysis

Agilent Processed Signal (Agilent Feature Extraction Software) was
standardized across arrays using quantile normalization (Bolstad et al.,
2003). Differential gene expression was carried out using the limma
package from Bioconductor (http://www.bioconductor.org/) (Smyth,
2004). Multiple testing adjustments of p-values were done according to
Benjamini and Hochberg methodology (Benjamini and Hochberg, 1995).

Gene set analysis was carried out for the Gene Ontology (GO) terms
and for the Kyoto Encyclopedia of Genes and Genomes (KEGG) Path-
ways using FatiScan (Al-Shahrour et al., 2007) in Babelomics (http://
babelomics.bioinfo.cipf.es/) (Medina et al., 2010). This method detects
significantly up- or down-regulated blocks of functionally related genes
in lists of genes ordered by differential expression. Given that many
functional terms are simultaneously tested, the results of the test are
corrected for multiple testing to obtain an adjusted p-value. Gene set
analysis returns adjusted p-values based on False Discovery Rate method
(Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2001). GO
annotations for the genes in the microarray were taken from Ensembl
70 release (http://www.ensembl.org) and KEGG pathways from the
KEGG web page (http://www.genome.jp/kegg/).

3. Results

Whole genome expression profile from three different unrelated
female groups was obtained in an attempt to elucidate FXPOI molecular
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signature. Groups 1 and 2 consisted of FMR1 premutation female car-
riers with and without FXPOI, respectively. Group 3 consisted of normal
FMR1 alleles female carriers with normal amenorrhea age of onset
(Table 1). Fold change analysis did not show any genes with significant
differential gene expression (adjusted p-value <0.05) when comparing
all different groups (data not shown). However, functional profiling
by gene set analysis showed large number of statistically significant
deregulated GO annotations as well as numerous KEGG pathways in
FMR1 premutation female carriers with FXPOI (adjusted p-value
<0.05) (Supplementary Fig. 1). We identified 22 statistically signifi-
cant pathways that encompassed metabolism, regulatory and cell
signaling (Fig. 1). Among them, several pathways that have been
shown to play important roles in fertility such as the VEGF signaling
(vasoendotelial growth factor) (hsa04370), the inositol phosphate
metabolism (hsa00562), cell cycle (hsa04110), and the MAPK sig-
naling (hsa04010) pathways were found to be down-regulated in
FMR1 premutation female carriers with FXPOI. When analyzing ex-
pression levels of genes related to these pathways, although none
of them reached a significant p-value, the majority of them present-
ed lower expression levels in FMR1 premutation female carrier with
FXPOI (Fig. 2).

To investigate the biological functions associated with FXPOI, gene
set analysis was tested for function enrichment (Fig. 3). A high statistical
enrichment of biological processes involved in cell cycle and cell death
and survival was found. FMR1 premutation female carriers with FXPOI
showed down-regulation of processes related with apoptotic mecha-
nisms and programmed cell death (Fig. 3).

4. Discussion

The ovary contains follicles at various developmental stages and its
function includes the cyclic recruitment, development and regression
of the follicles. The pool of primordial follicles is maintained in dorman-
cy as a reserve to provide oocytes throughout the reproductive life.
FXPOI involves infertility, irregular menses and an early menopause.
Although in theory, FXPOI could arise from the presence of a smaller
than normal primordial follicle pool at birth, insights from two different
publications using a knock-in mouse model, demonstrated that FXPOI is
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due to an accelerated loss or an impaired development of the growing
follicles (Hoffman et al.,, 2012; Lu et al., 2012). Regarding the FMR1
CGG repeat number, it has also been described that normal alleles con-
taining lower CGG repeat expansions (<26 CGGs) are associated with a
polycystic ovarian-like phenotype that would lead to a prematurely di-
minished functional ovarian reserve (Gleicher et al., 2010, 2013).

Up to date, the only molecular signature associated to the FMR1
premutation allele is the presence of significantly elevated levels of
FMR1 mRNA, which led to propose an RNA “toxic gain-of-function”
model, in which the abnormal mRNA (expanded CGG repeat) itself is
causative of the FMR1 premutation-associated disorders. Although this
mechanism is well supported for FXTAS, in FXPOI it is still under study
(Willemsen et al., 2011).

Besides the RNA-gain-of-function toxicity hypothesis, other poten-
tial mechanisms have been explored (reviewed in Sullivan et al.,
2011). Factors such as the repeat size tract, the sequence organization
of the CGG repeat tract, the parental origin of the premutation, the
X-chromosome inactivation pattern as well as familial aggregation
and environmental factors have been examined (Murray et al., 2000;
Sullivan et al., 2005; Hunter et al., 2008; Rodriguez-Revenga et al.,
2009). In addition, FMRP might also contribute in the molecular mech-
anisms involved in the reduced fertility since it has been shown that
controls germline proliferation during oogenesis (Epstein et al., 2009;
Ferder et al., 2013). Although somehow all of them might have an im-
pact on the development and severity of FXPOI, additional and as yet
unidentified genetic factors might also be implicated.

In this study we present the first investigation involving transcription
profiling of total blood from FMR1 premutation female carriers with
FXPOL In particular, we have compared this group of individuals with
two female groups (one of carriers of FMR1 premutation alleles and the
other with normal CGG repeat alleles) presenting amenorrhea at normal
age of onset (Table 1). Differential expression analysis did not show any
statistically significant difference between the three groups, although a
sample size effect or tissue specificity cannot be fully discarded. However,
gene set analysis, which search for groups of genes that are functionally
related, identified several KEGG pathways (adj. p-value <0.05) that
might be relevant in FXPOI pathology (Fig. 1). Remarkably, we found
that signaling mechanisms necessary for the maintenance of the survival
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Fig. 1. KEGG pathways significantly deregulated in FMR1 premutation female carriers with FXPOL. Yellow bars represent the fold change obtained when comparing Group 1 and Group 2.

Green bars represent fold change obtained when comparing Group 1 and Group 3.
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Fig. 2. VEGF, MAPK and PI3K/AKT signaling pathways deregulated in FMR1 premutation female carriers with FXPOL In red are represented genes with lower expression levels whereas
those in green represent higher expression levels in this group rather than non-POI females. The graphic represents relative expression of VEGF, PI3K3R, AKT2 and FMR1 genes. The Y
axis corresponds to gene expression microarray normalized results.

and activation of the primordial follicle as well as oocyte maturation are physiological angiogenesis during embryogenesis, skeletal growth and re-
down-regulated in FXPOI women. In particular, we have found that the productive functions. Evidences demonstrate that VEGF and its receptors
VEGF signaling, the inositol phosphate metabolism the MAPK signaling protect follicle and granulosa cells from apoptosis, suggesting that VEGF
and the cell cycle pathway are down-regulated in blood sample of  functions as a survival factor (Kosaka et al., 2007). In this study we iden-
FXPOI women (adj. p-value <0.05) (Fig. 1). VEGF is a key regulator of tified under expression of members of VEGF pathway, including PI3K and
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Fig. 3. Biological processes significantly deregulated in FMR1 premutation female carriers with FXPOL. Yellow bars represent the fold change obtained when comparing Group 1 and Group
2. Green bars represent fold change obtained when comparing Group 1 and Group 3.
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AKT (Fig. 2). In consonance with this observation, the inositol phosphate
metabolism pathway, which mediated the production of PI3K substrates,
is also down-regulated in FXPOI females (adj. p-value <0.05) (Fig. 1).
Several lines of evidence have indicated that the PI3K/AKT gene family is
critical regulator of follicle growth, differentiation and survival (Cecconi
et al.,, 2012). In fact, lack of basal level of PI3K activation leads to the
premature depletion of the pool of primordial follicles and to the develop-
ment of POI (Reddy et al., 2009). Furthermore, Akt knockout mice females
display reduced fertility and abnormal estrous cyclicity. Akt knockout ova-
ries also have a reduced number of growing antral follicles, significantly
larger primary and secondary oocytes and an increase in the number of
degenerate oocytes (Brown et al., 2010). In addition, Lu et al. (2012)
have recently demonstrated that FMR1 expanded allele can lead to re-
duced phosphorylation levels of AKT protein in the ovary of FXPOI mice.

While the VEGF and downstream PI3K pathways are required to ac-
tivate genes associated with cell growth and differentiation, it has been
shown that additional pathways such as MAPK are also necessary
(Hunzicker-Dunn and Maizels, 2006). Several members of the MAPK
superfamily (ERK1/2, p38MAPK) have been demonstrated to play an
important function in LH/FSH signaling pathways, resulting in matura-
tion of ovarian follicles and ovulation (reviewed in Conti et al., 2012;
Hunzicker-Dunn and Maizels, 2006).

Finally, when subjecting gene expression microarray results to gene
set analysis and tested for function enrichment we found several signif-
icantly deregulated biological processes in FXPOI females, including
cell-cycle progression/arrest, DNA repair and apoptosis (Fig. 3). These
results are in consonance with the deregulation of the PI3K/AKT path-
way found in FXPOI females, as it is well known that this pathway can
regulate many aspects of cell function (Cecconi et al., 2012). In this
scenario, Lu et al. (2012) found an increased apoptosis of follicle cells
and an alteration of the AKT signaling cascade in ovaries of the FMR1
knock-in model.

Blood expression profiling in FMR1 premutation male carriers has
recently identified an abundant gene expression deregulation among
these individuals (Mateu-Huertas et al., 2014). Although these results
are apparently not in concordance with the ones herein reported, it
should be taken into consideration that female carriers have a second
non-mutated FMR1 gene on the other X-chromosome which could com-
pensate the marked gene deregulation detected in FMR1 premutation
male carriers. Nevertheless, when performing gene enrichment analysis
the molecular functions and biological pathways found to be deregulated,
are consistent in both studies. In agreement with Mateu-Huertas et al.
(2014), functions such as cell cycle, DNA repair and cell death and survival
are statistically significant deregulated in FMR1 premutation female
carriers. We are aware that this study presents two limitations: tissue-
specificity gene expression and the normal X-chromosome which might
be masking deregulation promoted by the expanded allele in ovarian
cells.

5. Conclusion

The gene expression profile of blood samples from FXPOI females
suggested that the impairment of fertility might be due to a generalized
deregulation of key signaling pathways involved in oocyte maturation.
Our results provide new strategic approaches to further investigate
the molecular mechanisms and potential therapeutic targets for FXPOI
not focused in a single gene but rather in the set of genes involved in
these pathways.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gene.2015.06.039.
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Capitulo 11

Mecanismos patogénicos y factores de riesgo en FXTAS

TRABAJO 11
“PERFIL DE EXPRESION EN SANGRE DE LOS microRNAs EN
PACIENTES CON EL SINDROME DE TEMBLOR/ATAXIA
ASOCIADO AL X-FRAGIL”
Resumen:
Los miRNAs son moléculas de ARN de cadena simple con un tamafo
aproximado entre 18 y 25 nucleodtidos cuya funcién principal es la
regulacion negativa de la expresion génica a través de su unién a la
region 3'UTRs de sus ARNm dianas. Cuando del grado de
complementariedad es total disminuyen la expresion génica mediante la
degradacion del ARNm, mientras que si la complementariedad es
parcial promueven el bloqueo del proceso de traduccion.
Los miRNAs estan implicados en la mayoria de procesos biologicos
como en la proliferacion, el desarrollo, la apoptosis y la inflamacion
celular. Desde el descrubrimiento del primer miRNAs, se ha puesto de
manifiesto la importancia que estos tienen en el desarrollo del cerebro
ya que juegan un papel crucial en aspectos funcionales de las neuronas
como el creciemiento de las neuritas y la formacién de las sinapsis. De
esta manera, no es de extafiar que la desregulaciéon de determinados

miRNAs haya sido asociada con diversas enfermedades
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neurodegenerativas como el Huntington o el Alzheimer. En FXTAS
también existen evidencias que sugieren que los miRNAs pueden
contribuir a la aparicion y a la progresion de la enfermedad.

Con el fin de determinar la posible implicacion de los miRNAs en
FXTAS, en este trabajo se ha identificado el perfil de expresion de
miRNAs en muestras de sangre periférica procedentes de 8 varones
FXTAS y de 4 varones de la poblacion general. La caracterizacion de la
expresion de los miRNAs se ha realizado mediante secuenciacion
masiva de los smallRNAs y mediante microarrays de expresion de
miRNAs.

Los resultados obtenidos de la secuenciacion mostraron una
distribucion similar de las distintas clases de smallARNSs, siendo los
miRNAs el grupo mas representado en pacientes y controles. Respecto
el andlisis de expresion diferencial, los datos obtenidos por
secuenciacion masiva pusieron de manifiesto la expresion
significativamente desregulada de 83 miRNAs (49 infraexpresados y
34 sobreexpreados) mientras que los microarrays detectaron de 31
miRNAs significativamente desregulados (25 infraexpresados y 6
sobreexpreados). Finalmente, al comparar los resultados obtenidos
mediante ambas tecnologias se detectaron 14 miRNAs con una

desregulacion comun, 12 de los cuales presentaban una expresion a la
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alza y 2 a la baja. Estos resutados se validaron mediante RT-qPCR
confirmandose el resultado en todos los casos.

Se ha descrito la sobreexpresion del miR-424 en regiones de la
sustancia blanca cerebral procedentes de pacientes post-mortem con
Alzheimer y curiosamente, la alteracion de la sustancia blanca cerebral
junto con la atrofia cerebral es uno de los hallazgos caracteristicos en
las imagenes obtenidas mediante RM en los pacietnes con FXTAS.

A pesar que se necesitan mas estudios para profundizar en la funcién de
los miRNAs en la enfermedad de FXTAS, estas resultados sugieren que

su desrgulacion puede contribuir a la patogénesis del FXTAS.
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Fragile X-associated tremor/ataxia syndrome (FXTAS) is
a late-onset neurodegenerative disorder associated with
FMR1 gene premutation alleles (55-200 CGG repeats).
Fragile X-associated tremor/ataxia syndrome clinical
core features include action tremor, gait ataxia, cognitive
deficits progressing to dementia, and frequently parkin-
sonism. Although the pathogenic molecular mechanism
of FXTAS is not completely understood, the restriction
of the phenotype to the FMR7 premutation range has
given rise to a model based on a RNA toxic gain-of-
function. Since the identification of the first microRNAs
(miRNAs) and their role in normal development, several
studies have associated them with neurodegenerative
diseases such as Parkinson, Alzheimer and Huntington
diseases, suggesting that they play a key role in brain
development, as well as in its morphogenesis. Herein,
we present the characterization of miRNA expression
profiles in FXTAS male patients using deep sequencing-
based technologies and microarray technology. Deep
sequencing analysis evidenced 83 miRNAs that were
significantly deregulated whereas microarray analysis
showed 31. When comparing these results, 14 miRNAs
were found deregulated in FXTAS patients. MiR-424 and
miR-574-3p showed significant fold change adjusted
P-values in both platforms in FXTAS patients. MiR-424
has been founded substantially and specifically enriched
in human cerebral cortical white matter of Alzheimer
disease patients, which, together with cerebral atrophy,
is a prominent imaging finding in individuals with
FXTAS. The study provides the first systematic evidence
of differential miRNA expression changes in FXTAS
blood samples. Although further studies are necessary

to better characterize the miRNA function in FXTAS
disorder, our results suggest that they might contribute
to its pathogenesis.

Keywords: Expression profile, FMRT gene, FXTAS, high-
-throughput technologies, IsomiR, miRNAs, mitochondrial
dysfunction, neurodegeneration, oxidative stress, trimming
variants
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Fragile X-associated tremor/ataxia syndrome (FXTAS) is a
late-onset neurodegenerative disorder that affects older
adults who are carriers of an expansion of 55-200 CGG
repeats in the 5" untranslated region (UTR) of the FMRT gene
(Hagerman etal. 2001). The clinical features of FXTAS include
action tremor, gait ataxia, dementia and parkinsonism, in
which affected females present milder clinical involvement
compared with affected males (Jacquemont et al. 2003).
It is also characterized by cognitive decline with lack
of inhibition and executive function deficits, peripheral
neuropathy and autonomic dysfunction (Hagerman et al.
2001). Fragile X-associated tremor/ataxia syndrome presents
incomplete penetrance with approximately 40% of male and
8-16% of female FMRT premutation carriers aged above
50 years developing symptoms (Rodriguez-Revenga et al.
2009; Hagerman & Hagerman 2004). Although the cause of
this incomplete penetrance is not clear, its prevalence has
been shown to increase with advanced age and CGG repeat
longer sizes (Rodriguez-Revenga et al. 2009; Willemsen
et al. 2011). Magnetic resonance imaging (MRI) in FXTAS
patients demonstrates an abnormal brain pattern affecting
the periventricular and subcortical regions of the brain.
Fragile X-associated tremor/ataxia syndrome characteristic
radiological finding is the hyperintensity of the middle
cerebellar peduncle, present in 60% of FXTAS patients and
seen in T2 and FLAIR acquisitions (Jacquemont et al. 2003).
Immunocytochemical staining of post-mortem brain tissue
from FXTAS patients shows ubiquitin-positive intranuclear
inclusions in neurons with a broad distribution throughout
the brain (Greco et al. 2002).

Although the pathogenic molecular mechanism is still
unknown, the restriction of the phenotype to the FMRT
premutation range has given rise to a model based on a
RNA toxic gain-of-function (Hagerman et al. 2001; Hagerman
& Hagerman 2004). FMR1 premutation alleles have an
increased level of FMRT mRNA of 2-8-fold, and normal or
slightly lowered FMRP levels compared with normal alleles
(Tassone et al. 2000; Kenneson et al. 2001). The hypothesis
of a RNA toxic gain-of-function suggests that CGG repeat
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FMR17 mRNA recruits RNA-binding proteins and other
proteins through indirect interactions, creating intranuclear
inclusions in neurons, astrocytes and the spinal column,
with the greatest numbers of neuronal inclusions found in
the hippocampus (Greco et al. 2002). The sequestration of
these proteins is also thought to prevent normal function
leading to downstream alterations (Galloway & Nelson 2009;
Li & Jin 2012).

Since the identification of the first miRNAs (miRNAs)
and the definition of their role in development, several
studies have shown that miRNAs have spatiotemporal and
cell-specific expression patterns in the nervous system,
suggesting that they play a key role in brain development and
in its morphogenesis (Li & Jin 2010). In fact, some miRNAs
have already been associated with other neurodegenerative
diseases such as Parkinson disease (PD), Alzheimer disease
(AD) and Huntington disease (HD) (Barbato et al. 2009; Enciu
et al. 2012; Long & Lahiri 2011).

Herein, we present the characterization of the miRNAs
expression profiles in FXTAS male patients using microarray
technology and deep sequencing-based technologies. An
alteration on the mMIiRNA expression may act as a
susceptibility factor leading to FXTAS. The study provides
new and relevant data that may be valuable to build a
better understanding of the contribution of miRNAs in FXTAS
pathogenesis.

Materials and methods

Subjects
A total of 12 unrelated individuals were recruited for this study: 8
male FXTAS patients (mean age 66.6 SD + 6.6) and 4 male controls
(mean age 71.5 SD+2.6). Controls present normal FMR1 alleles
and neurodegenerative disorders were excluded. All FXTAS patients
were recruited from FXS families and were molecularly diagnosed at
the Biochemical and Molecular Genetics Department of the Hospital
Clinic of Barcelona. The CGG repeat number, FMRT mRNA levels,
FMRP protein levels and clinical/neuroradiological findings of FXTAS
patients are summarized in Table 1.

All participants provided written informed consent for testing and
for the use of their phenotypic and genetic data. The study was
approved by the Ethics Committee of the Hospital Clinic of Barcelona.

MiRNA extraction

Whole blood was collected from the patients and controls in
4 ml EDTA tubes. Firstly, lymphocytes were isolated using
LinfoSep medium (Biomedics, S.L. Madrid, Spain), following the
manufacturer’s instructions. MiRNAs were extracted using ‘Total
RNA isolation Procedure’, detailed in the mirVana™ miRNA isolation
kit protocol (Ambion®, Life Technologies, Austin, TX, USA). The
quality and concentration of RNA were assessed using the Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). All
RNA samples revealed RNA Integrity Number values, ranging from
7.8109.9. MiRNA extractions were stored at —80°C until processing.

MIiRNA microarrays

The Unrestricted Human miRNA V16.0 microarray (Human miRNA
Microarray Kit Release 16.0, 8x 60K; Agilent Technologies) was used
in six FXTAS patients and four controls. This microarray contains
62976 probes representing a total of 1349 different miRNAs (1205
human miRNAs and 144 human viral miRNAs) and 2167 control
probes. Briefly, 100ng of total RNA were labeled with Cyanine 3-
pCp and hybridized according to the manufacturer’s instructions.
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Following careful washing, the arrays were read using the Agilent
microarray scanner (Agilent G2565CA Microarray Scanner System,
Agilent Technologies) and the data were extracted using Agilent
Feature Extraction V10.7.3.1. Technical replicates were hybridized in
different arrays discarding the ones which presented more variance.
These experiments were performed at the Biochemistry and
Molecular Genetics Department of the Hospital Clinic of Barcelona.

Differential expression analysis from microarray

technology

Extracted intensities were corrected using the normexp method with
an offset of 50 (Ritchie et al. 2007). To assure comparability across
samples we used quantile normalization on background corrected
log2-transformed intensities (http://bmbolstad.com/stuff/qnorm.pdf).
Microarray probes were collapsed to miRNAs by taking the median
intensity of the respective probes per miRNA. For determining
differentially regulated miRNAs moderated t-tests were applied
using limma (Smyth 2004). MiRNAs with adjusted P-value <5%
and additionally a fold change (FC) >1.2 were selected as relevant.
All statistical analyses were performed with the Bioconductor project
in the R statistical environment (Gentleman et al. 2004).

Sequencing

Small RNA (sRNA) libraries, corresponding to four controls and eight
FXTAS patients, were prepared. From each sample, 1 ug of total RNA
was used to prepare indexed libraries according to the ‘TruSeq Small
RNA Sample Preparation Guide' (Part# 15004197 Rev. A). Pooled
libraries (two different indexed samples per lane) were sequenced
in one lllumina Genome Analyzer Il run using 36 single-read cycles
(Illumina, San Diego, CA, USA).

Preanalysis of sequencing data

Recognition and removal of the adapter and annotation of the
sequences were performed using a stand-alone version of the
Seqgbuster tool designed to process and analyze sRNAs sequenc-
ing datasets (http://estivill_lab.crg.es/segbuster) (Pantano et al.
2010, 2011). Out of a total of several million reads, we dis-
carded those without a minimum of 8-nt linker subsequences
directly adjoining the insert, showing no more than a single
mismatch. Following the application of these filters, populations
of at least 8000000 reads were recovered in the majority of
samples. Sequences were then mapped to human miRNA as
described previously (Pantano et al. 2011) and mRNA, ncRNA
and genomic repeats were mapped to genome databases at
(http://hgdownload.cse.ucsc.edu/goldenPath/hg18/bogZips/), using
Bowtie alignment software. For miRNA annotation different parame-
ters were configured in Segbuster tool: one mismatch allowed, 3 nt
in the 3’ or 5’-trimming variants, 3 nt in the 3’-addition variants.

Analysis of miRNA variability

In order to characterize miRNA variants, several filters in Segbuster
were applied. Firstly, only sequences with a frequency above 3 were
considered. Secondly, a ‘Contribution Cut-Off" parameter of 10 was
chosen, meaning that every sequence variants (IsomiR) contributes
by more than 10% to the total number of variants annotated in the
same miRNA locus. Finally, the Z-score option was applied to exclude
sequencing errors as the possible cause of the nucleotide changes
observed in some variants (Pantano et al. 2010). The different
parameters in the Segbuster tool allowed the annotation of the
following types of alignments: (1) perfect match, when the sequence
is identical to the reference sequence; (2) trimming at the 3’-end of
the reference miRNA sequence, which is a miRNA variant several
nucleotides shorter or longer that matches the mature or precursor
reference sequence; (3) trimming at the 5-end of the reference
miRNA sequence, an analogous case focused on the 5-end of the
miRNA; (4) nucleotide additions at the 3'-end of the sequence; and (5)
nucleotide substitutions, showing nucleotide changes with respect
to the reference sequence.
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Table 1: Clinical and FMR1 molecular findings of eight FXTAS patients characterized for miRNA profiles

FMR1 FMRP FXTAS age of
Subject (CGG)n mRNA level* level (%)" Clinical findings MRI findings Diagnostic* onset (years)
FXTAS 1 106 1.56 67 2 major 1 major + 1 minor DEF 62
FXTAS 2 113 3.20 88 1 major + 1 minor 1 major DEF 65
FXTAS 3 71 1.54 75 1 major 1 minor POS 77
FXTAS 4 65 1.72 100 2 major 1 major + 1 minor DEF 60
FXTAS 5 59 1.22 94 1 minor 1 major PROB 64
FXTAS 6 126 2.87 92 2 major 1 major DEF 64
FXTAS 7 60 1.78 100 2 major 2 minor PROB 73
FXTAS 8 75 2.06 83 2 minor + 1 major 1 minor POS 62

DEF, definite; PROB, probable; POS, possible.

*RNA levels are reported as fold elevated over those in normal sex-matched control individuals.
TPercentage of hair roots positive for FMRP by immunohystochemical staining.

*Diagnostic criteria described by Jacquemont et al. (2003).

Differential expression analysis using sequencing

technology

The sequencing performance was evaluated using the ‘Sequencing
Capacity’ package in the ‘General’ module of SeqBuster with
default parameters (Pantano et al. 2010). The Wilcoxon test was
applied to determine statistically significant differences in frequency
distribution between samples. For differential expression analysis
between control and FXTAS samples, miRNA loci containing all
sequences mapping to each locus were considered. Several options
and filters were applied. Firstly, for a given miRNA the frequency
was normalized to reads per million (RPM), referring to the total of
sequences mapping onto MiRNAs (Normalized frequency = counts
miR-x/counts total MiRNAs * 10 E6). Secondly, the Z-test (Reinartz
et al. 2002) was applied to show statistical significance since it is the
most restrictive test used for evaluation of differentially expressed
sequences in high-throughput sequencing methodologies. Thirdly,
the Benjamini and Hochberg method was applied to correct the
P-value assigned by the Z-test (Klipper-Aurbach et al. 1995).
Fourthly, when analyzing all sequences mapping onto a miRNA
locus, 10 was chosen as the ‘Contribution Cut-Off’ value (Pantano
et al. 2010). Finally, the Z-score option was applied to exclude
sequencing errors as the possible cause of the nucleotide changes
observed in the IsomiR (Dohm et al. 2008).

Real Time-quantitative polymerase chain reaction

Real time-quantitative PCR (RT-gPCR) analysis was performed using
TagMan® MicroRNA Assays (Applied Biosystems, Foster City, CA,
CA). Retro Transcribe (RT) reaction was performed following the
‘Creating Custom RT and Preamplification Pools’ protocol using six
5x RT-primers. The preamplification primer pool was performed
according to the manufacturers’ protocol (Applied Biosystems)
and then diluted 1:2 to have a final concentration of 10x PreAmp
primer pool. The preamplification reaction was performed according
to manufacturer’s instructions and qPCR was carried out using
7300 Real Time PCR System (Applied Biosystems). Two snoRNAs
(Z30 and RNU 24) and two endogenous miRNAs (hsa-miR-16,
hsa-miRNA-93) were selected as reference miRNAs since they are
universally expressed in normal tissues (Benes & Castoldi 2010;
Liang et al. 2007). All reactions were run in triplicate and data was
evaluated following the §§Ct method (Livak & Schmittgen 2001).

Results

Small RNAs profiling of FXTAS by deep sequencing
of blood RNA samples

High-throughput sequencing of sRNAs of all blood RNA
samples revealed a sequence yield between 12 million and 20
million unfiltered sequence-reads per sample. After removing

Genes, Brain and Behavior (2013) 12: 595-603

the reads containing ambiguous base calls (<0.3%), only
those longer than 18 nucleotides were considered for
mapping. Most reads mapped to the human genome with
<6% of the sequences not being identified.

Sequences were annotated on the basis of the overlap
with publicly available genome data, including miRNA,
tRNAs, rRNAs, protein-coding genes, other sRNAs and
genomic repeats. In all samples, miRNAs were the most
abundant class of detected sRNAs (around 44 %), followed
by miscellaneous RNAs (miscRNAs) (29%), which included
several classes of cytoplasmic sRNAs (Fig. 1a). Sequences
derived from 743 to 967 distinct miRNAs were identified in
the different libraries (frequency >1%), showing a sequence
length distribution with a sharp peak in the 22-nucleotide (Fig.
1b). Most of the detected miRNAs (>70%) had less than
500 counts (Fig. 1c). The highest expressed miRNAs in the
majority of the samples included members of the let-7 family,
miR-103a, miR-21, miR-22, miR-26 and miR-30 (Table S1) in
concordance with previous observations (Marti et al. 2010).

MIiRNA variability in blood RNA samples of FXTAS
patients

Around 93% of all the sequenced miRNAs presented
IsomiRs. The remaining 7%, showed few reads suggesting
that the lack of variability is related to its low abundance.
An average of 11000 different IsomiRs were found in every
sample. Using the Segbuster tool (http://code.google.com/
p/seqbuster/wiki/SeqBuster) for the analysis of miRNA vari-
ability, no major differences were detected in the distribution
of the different types of IsomiRs when comparing control
individuals and FXTAS.

Regarding the variants, those affecting the 3’-end of the
miRNAs, especially variants generated by 3'-trimming, were
the most abundant. The frequency of nucleotide substitution
in mature miRNAs and 5’-trimming variants was generally
low, contributing little to the total number of sequences
annotated onto a miRNA locus (Fig. 2a). Although this is
the normal behavior of most of the miRNAs (e.g. miR-574-
3p and miR-101-3p, Fig. 2b), not all followed the same
tendency. For example, most of the IsomiRs from miR-181a-
5p corresponded to 5’-trimming whereas scarce 3'trimming
variants were detected (Fig. 2b).
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Figure 1: Small RNAs profiling of FXTAS patients and control samples by deep sequencing. (a) Annotation breakdown of small
RNA sequences; (b) miRNA sequence length distribution; and (c) miRNA sequence abundance distribution.

MIRNA transcriptome deregulation in blood RNA of
FXTAS patients

The analysis of differential miRNA expression in control
versus FXTAS patients showed 83 miRNAs significantly
deregulated (49 downregulated and 34 upregulated) in the
FXTAS cohort (FC >1.2 or <—1.2 adjusted P-value <0.05)
(Table S2). To compare this expression pattern with an
independent and totally different method, miRNA microarray
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analysis (Agilent Technologies) was performed. Results
showed 31 deregulated human miRNA in FXTAS patients
(25 downregulated and 6 upregulated) (FC >1.2 or <—1.2
adjusted P-value <0.05) (Table S3). When comparing these
results, miR-424 and miR-574-3p showed significant FC
adjusted P-values in both platforms in FXTAS patients. While
miR-424 was detected upregulated in both experiments,
miR-574-3p showed contradictory results (Tables S2 and S3).
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Figure 2: IsomiRs profiling of FXTAS patients and control samples. (a) Histogram displaying the percentage of miRNAs with
different types of IsomiRs (5-trimming, 3-trimming, 3-additions and nucleotide substitutions), in controls and FXTAS patients. In this
analysis, IsomiRs with frequencies >10 were considered. For every type of variability, the histogram shows the proportion of miRNAs
presenting one (white), two (grey) or more than two (black) IsomiRs; (b) Histogram displaying the percentage of IsomiR distribution
for miR-5674-3p, miR-181a-5p and miR-101-3p, selected in control samples (black bars) and FXTAS patients (white bars). The total of
sequences mapping onto the indicated miRNA in each individual is considered as 100%. For every miRNA the first bar represents the
abundance of the corresponding reference miRNA. An example of the IsomiRs from miR-101-3p is detailed in the chart below the
arrow.
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Table 2: Fold change values for the microRNAs deregulated
in blood RNA of FXTAS patients using microarray and deep
sequencing technologies. Significant P-values are shown in

brackets

Fold change Fold change
miRNA name sequencing microarray
hsa-miR-23a-5p 2.32 (P<0.01) 1.20*
hsa-miR-25 2* 1.37
hsa-miR-29a-5p 1.92 (P<0.01) 1.39*
hsa-miR-27a-5p 1.72 (P<0.01) 1.43*
hsa-miR-30a-5p 1.39 (P <0.00071) 1.28"
hsa-miR-142-3p 1.37 (P <0.00071) 1.70
hsa-miR-101-3p 1.35 (P <0.0001) 1.28
hsa-miR-106b-3p 1.27 (P <0.0001) 1.21
hsa-miR-424-5p 1.23(P<0.01) 1.30 (P<0.01)
hsa-miR-29b-3p 1.22 (P <0.0001) 1.45
hsa-miR-181a-3p 1.22 (P <0.0001) 1.26
hsa-miR-26b-3p 1.20 (P <0.00071) 1.27
hsa-miR-1260b —1.83 (P <0.0001) —-1.22
hsa-miR-4571a —2.33 (P <0.0001) —1.69*

*The corresponding miRNAs is the other strand of the miRNA
duplex.

"Microarray technology detected upregulation of miR-30c-3p,
30e-5p and 30e-3p.

*Microarray technology detected downregulation of all species
of miR-451.

Real time-quantitative polymerase chain reaction validation
was carried out, confirming miR-424 upregulation and a
downregulation for miR-574-3p.

When considering only FC (>1.2 or<-—1.2) and not
adjusted P-values, 14 miRNAs were found deregulated
(2 downregulated and 12 upregulated) in FXTAS patients
by both approaches (Table 2). Real time-quantitative
polymerase chain reaction analysis was performed in half of
the upregulated miRNAs, confirming increased expression
compared with age-matched controls (Fig. 3).

Discussion

Fragile X-associated tremor/ataxia syndrome is a leading
monogenic neurodegenerative disorder affecting premuta-
tion carriers of the FMR1T gene CGG repeat. However, it
has been described that most neurodegenerative disorders
are probably not just a ‘one-hit" phenomenon, but rather
they probably involve a sequential progression of patho-
logical processes that collectively result in neuronal death
and/or compromised connectivity (Nelson et al. 2008). Sev-
eral studies have uncovered the crucial role of miRNAs in the
fine-tuning of neuronal gene expression during development
and have described their implication in neurodegenerative
disease (Liu et al. 2004; Giraldez et al. 2005).

Different clues point to a possible involvement of miRNAs
in FXTAS. First of all, FMR1 premutation CGG repeats
have been reported to lead to deregulation of miRNAs in
the brain of the FXTAS fly model (Tan et al. 2012). The
overexpression of miR-277 in a FXTAS Drosophila model
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Figure 3: Real time-quantitative PCR analysis of the expres-
sion of upregulated miRNAs relative to miR-93 in blood
samples of FXTAS (n=7) and age-matched controls (n=4).

induced an aggravated eye phenotype, suggesting that this
miRNA could be involved in the neurodegeneration of FXTAS.
Secondly, miR-125b and miR-132 have been associated with
FMRP in the mouse brain, controlling synaptic function and
structure (Edbauer et al. 2010). Finally, a set of miRNAs has
been experimentally identified to target the 3’ UTR region
of the human FMRT1 gene (Yi et al. 2010; Zongaro et al.
2013). We performed a high-throughput deep sequencing
and microarray miRNA study using blood in order to define
the expression levels of miRNAs sequence variants among
FXTAS patients. To our knowledge, this is the first study
to describe the miRNA expression profiles in male FXTAS
patients.

In agreement with previous studies, including miRNA
profiling in neurodegenerative disorders, sRNAs sequencing
revealed IsomiRs for virtually all detected the miRNAs (Morin
et al. 2008; Marti et al. 2010). Our results show a similar
distribution of the different types of IsomiRs in control and
FXTAS samples, suggesting no major affectation in their
biogenesis or stability (Fig. 1). Deep sequencing analysis
evidenced 83 miRNAs that were significantly deregulated,
whereas microarray analysis showed only 31. Microarray
technology is based on direct specific hybridization with
probes designed according to the mIiRNA sequences
annotated in miRBase (D'Andrade & Fulmer-Smentek 2012).
On the other hand, deep sequencing is based on amplification
and identification of miRNAs and their IsomiRs, which
provides a full dissection of miRNA landscape. In fact,
IsomiR analysis showed that the reference sequence for
some miRNAs is the least represented, which could provide
an explanation for the lack of total concordance among
the results provided by each platforms. In addition, the
correlation of the miRNA expression levels found using
these technologies is moderated, in agreement with previous
reports (Git et al. 2010; Pradervand et al. 2010).

Recently, Sellier et al. (2013) has found decreased levels of
mature miRNAs in brain tissue from FXTAS patients triggered
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by an alteration of the miRNA-processing machinery. They
suggested a model in which pathogenic-expanded CGG
repeats mimic the structure of primary miRNAs (pri-miRNAs),
leading to a partial sequestration of DGCR8-DROSHA which
might explain the reduced levels of mature miRNAs, and
ultimately, the neuronal cell dysfunction. The methodology
used in our study cannot evaluate pri-miRNAs transcripts and
therefore, our results cannot contribute with additional data
in the scenario proposed by Sellier et al. (2013). Regarding,
miRNA expression profiling, Sellier et al. (2013) found that
the majority of the deregulated miRNAs revealed reduced
expression levels compared with controls. Herein, the results
obtained by microarray analysis seem to be in consonance,
although a fewer number of miRNAs were found to be
deregulated. Nevertheless, when comparing microarray and
sRNAs sequencing data, the expression of deregulated
miRNAs is substantially upregulated. In fact, 14 miRNAs
were found altered in FXTAS blood samples by both profiling
platforms (FC >1.2 or <—1.2 and not adjusted P-values), and
12 of them showed increased expression levels relative to
control samples (Table 2). Real time-quantitative polymerase
chain reaction analysis was performed for half of them,
confirming increased expression levels (Fig. 3). Finally, it is
well known that miRNAs are tissue-specific and/or temporally
regulated in their expression (Bartel 2004), which might
contribute to explain the differences observed between the
results herein reported and the previously described (Sellier
etal. 2013).

Among the 14 miRNAs deregulated, the miR-424 showed
an overexpression with significant FC adjusted P-value
by both profiling platforms. MiR-424 has been founded
substantially and specifically enriched in human cerebral
cortical white matter of AD patients (Wang et al. 2011).
Interestingly, together with cerebral atrophy, white matter
alteration is a prominent imaging finding in individuals with
FXTAS (Adams et al. 2007). In fact, white matter MRI
hyperintensities in the middle cerebellar peduncles represent
a major diagnostic criterion for FXTAS (Brunberg et al. 2002).

MiR-424 belongs to the miR-15/107 gene group, which
has been found to participate in pathways involved in
cellular metabolism and stress (Finnerty et al. 2010).
Recently, it has been reported that hippocampal neurons
from Fmr1 premutation mouse model show abnormalities in
the number, mobility and metabolic function of mitochondria
which may constitute a risk factor of developing clinical
FXTAS (Kaplan et al. 2012). Remarkably, evidences of
mitochondrial dysfunction and oxidative stress have also
been described in human fibroblasts from FXTAS patients
(Ross-Inta et al. 2010; Napoli et al. 2011). As in many other
neurodegenerative disorders (Lin & Beal 2006) mitochondrial
dysfunction seems to be an incipient pathological process
occurring in FXTAS disorder (Ross-Inta et al. 2010; Napoli
et al. 2011) and based on our results, the overexpression
of miR-424 might somehow contribute to this process.
Apart from miR-424, our results showed other deregulated
miRNAs that have also been associated with mitochondrial
dysfunction. In particular, the overexpression of miR-23a has
been detected in leukemic cells and in skeletal muscle of
amyotrophic lateral sclerosis patients, inducing mitochondrial
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dysfunction and leading to cell death (Rathore et al. 2012;
Russell et al. 2012).

MiR-23a, which belongs to the miR-23a ~ miR-27a ~ miR-
24-2 cluster, has been reported to induce cell apoptosis
mediated by induction of endoplasmic reticulum stress
(Chhabra et al. 2011). In particular, it has been published
that the overexpression of this miRNA cluster induces
endoplasmic reticulum stress, which leads to an increase
of cytosolic and mitochondrial calcium levels (Chhabra et al.
2011). In this work, it is suggested that the calcium release
might cause mitochondrial membrane depolarization which
in turn leads to release of apoptosis-inducing factors from
mitochondria resulting in cell death (Chhabra et al. 2011).
On the other hand, it is known that the neuronal activity
on the growth of neuronal dendrites is strongly influenced
by spatial and temporal changes in intracellular calcium
(Lohmann & Wong 2005; Segal et al. 2000). A recent study
has demonstrated a higher frequency of amplified calcium
transients in iPSC-derived FMRT premutation-expressing
neurons, suggesting that it might be responsible for the
neuronal phenotypes found in these cells (Liu et al.
2012). These deregulated calcium findings and neuronal
network electric activity have also been described in primary
hippocampal neuronal cultures from a FXTAS mouse model
(Cao et al. 2012). Our results showed an upregulation of
miR-23a and miR-27a in FXTAS patients (Table 2). Although
more studies are required to pinpoint the role of these
miRNAs into the mechanisms involved in FXTAS disorder,
it might be plausible that the deregulation of miR-23a
and miR-27a trigger the generation of reactive oxygen
species causing oxidative stress response and mitochondrial
dysfunction. To our knowledge miR-574-3p, the other miRNA
that also showed significant deregulation in both platforms
and was confirmed by RT-gPCR has only been associated
with cancer processes (Su et al. 2012; Bryant et al. 2012;
Tatarano et al. 2012), and there is no clear relationship with
neurodegenerative disorders.

To conclude, our study provides the first systematic
evidence of differential miRNA expression changes in FXTAS
blood samples. It describes the miRNA expression profile in
FXTAS patients and provides data suggesting its implication
in the disease. Even though the pathogenesis of FXTAS is
thought to involve an RNA toxic gain-of-function mechanism,
it is likely that it reflects a much broader process in which
miRNAs might have an important role. Better understanding
of FXTAS pathogenesis is necessary in order to unravel
the molecular causes of the syndrome and to develop
targeted therapeutic approaches. Although further studies
are necessary to better characterize the miRNA function in
FXTAS, our results on abnormal profiles of miRNAs in blood,
shed light not only on the FXTAS pathogenesis but also on
the other FMR1 premutation associated disorders.
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Supplementary Table 2
Upregulated miRNAs in FXTAS patients by Deep Sequencing

technology
. Norm fre Norm fre adj. p-
s (controlsc)I (FXTAS)CI = p-value vaJ | uz

miR-5701 28 139 5 0 0
miR-23a-5p 10 23| 2,3256 0,02 0,01
miR-423-5p 217 425| 1,9608 0 0
miR-29a-5p 13 25| 1,9231 0,04 0,01
miR-450a-5p 21 37| 1,7544 0,02 0,01
miR-3615 100 171 1,7241 0 0
miR-27a-5p 22 38| 1,7241 0,02 0,01
miR-132-3p 38 61| 1,6129 0,01 0
miR-574-3p 60 92| 1,5385 0 0
miR-361-3p 215 324| 1,5152 0 0
miR-29c-3p 792 1170| 1,4706 0 0
miR-505-3p 49 72| 1,4706 0,01 0
miR-181c-5p 1026 1464 | 1,4286 0 0
miR-29a-3p 1738 2474 | 1,4286 0 0
miR-660-5p 192 270| 1,4085 0 0
miR-30a-5p 492 685| 1,3889 0 0
miR-142-3p 4232 5803| 1,3699 0 0
miR-199b-5p 104 142 | 1,3699 0 0
miR-625-5p 64 88| 1,3699 0,01 0
miR-101-3p 8112 10957| 1,3514 0 0
miR-1280 135 182 | 1,3514 0 0
miR-130b-3p 170 230| 1,3514 0 0
miR-423-3p 2202 2932 | 1,3333 0 0
let-7b-5p 1961 2574 | 1,3158 0 0
miR-92a-3p 36627 48390 | 1,3158 0 0
miR-106b-3p 296 373| 1,2658 0 0
miR-769-5p 504 639| 1,2658 0 0
miR-339-3p 251 313| 1,2500 0 0
miR-424-5p 96 119| 1,2346 0,02 0,01
let-7e-5p 334 407 | 1,2195 0 0
miR-181a-3p 400 490| 1,2195 0 0
miR-19b-3p 1546 1892 | 1,2195 0 0
miR-29b-3p 194 237 | 1,2195 0 0
miR-26b-3p 142 171| 1,2048 0,01 0




Downregulated miRNA in FXTAS patients by deep sequencing

technology
. Norm fre Norm fre adj. p-
DURES (controlsc)I (FXTAS)‘:I e Rl véll ulz
miR-103a-3p 16970 13820| -1,23 0 0
miR-148b-3p 5864 4778| -1,23 0,02 0,01
let-7g-5p 18294 14679| -1,25 0 0
miR-21-3p 2206 1704| -1,29 0 0
miR-28-3p 3770 2931 -1,29 0 0
miR-17-5p 1794 1357 -1,32 0 0
miR-22-3p 60473 45795| -1,32 0 0
miR-340-5p 5344 4005| -1,33 0 0
let-7f-5p 48624 35817| -1,36 0 0
miR-15b-5p 1130 800| -1,41 0 0
miR-16-5p 27582 19419| -1,42 0 0
miR-27b-3p 10987 7646| -1,44 0 0
miR-125a-5p 760 522 | -1,46 0 0
miR-26b-5p 27520 18876| -1,46 0 0
miR-652-3p 518 352| -1,47 0 0
miR-126-5p 45424 30526| -1,49 0 0
miR-185-5p 220 146| -1,51 0,04 0,01
miR-191-5p 60975 39597| -1,54 0 0
miR-181a-2-3p 416 268| -1,55 0 0
miR-301b 176 113| -1,56 0,04 0,01
miR-144-5p 543 344| -1,58 0 0
miR-20a-5p 3586 2264| -1,58 0 0
miR-151a-5p 7070 4384 | -1,61 0 0
miR-99b-5p 400 248| -1,61 0 0
miR-222-3p 1080 662| -1,63 0 0
miR-374a-5p 248 150| -1,65 0 0
miR-199a-5p 548 331 -1,66 0 0
miR-20b-5p 130 78| -1,67 0,03 0,01
miR-10a-5p 5912 3485 -1,7 0 0
let-7i-5p 9742 5659 | -1,72 0 0
miR-369-3p 161 90| -1,79 0 0
miR-1260b 170 93| -1,83 0 0
miR-584-5p 1312 718| -1,83 0 0
miR-98 7956 4049| -1,96 0 0
miR-144-3p 544 276 -1,97 0 0
miR-224-5p 75 36 2,08 0,01 0
miR-486-5p 35969 16906| -2,13 0 0
miR-7-5p 45 21| -2,14 0,05 0,02
miR-126-3p 3967 1824 | -2,17 0 0




miR-190a 204 93| -2,19 0 0
miR-146b-5p 8231 3658| -2,25 0 0
miR-151a-3p 8988 3996| -2,25 0 0
miR-451a 8308 3564| -2,33 0 0
miR-182-5p 1113 467 | -2,38 0 0
miR-335-3p 450 179| -2,51 0 0
miR-146a-5p 5029 1795 -2,8 0 0
miR-486-3p 68 23| -2,96 0 0
miR-4446-3p 73 23| -3,17 0 0
miR-379-5p 59 15| -3,93 0 0




Supplementary Table3.Human miRNA deregulated in FXTAS

patients obtained by microarray

miRNA FC p-value a:’:aitue:
miR-574-3p -2,4004 2,02E-04| 7,35E-03
miR-574-5p -1,8496 4,24E-04| 1,10E-02
miR-4290 -1,5314 1,50E-05| 2,95E-03
miR-4254 -1,5246 4,58E-05| 3,49E-03
miR-3149 -1,4552 2,04E-05| 3,44E-03
miR-1281 -1,3958 4,97E-04| 1,20E-02
miR-4324 -1,3909 1,44E-05| 2,95E-03
miR-3935 -1,3731 9,07E-04| 1,63E-02
miR-411* -1,3339 3,37E-06| 2,95E-03
miR-466 -1,3110 2,00E-04| 7,35E-03
miR-1825 -1,2882 1,10E-03| 1,91E-02
miR-32* -1,2825 5,21E-05| 3,58E-03
miR-483-3p -1,2810 3,77E-04| 1,03E-02
miR-485-3p -1,2792 8,19E-04| 1,60E-02
miR-595 -1,2681 9,18E-05| 5,02E-03
miR-1909* -1,2664 9,31E-05| 5,02E-03
miR-34b -1,2593 1,18E-03| 1,97E-02
miR-885-5p -1,2509 1,34E-04| 6,00E-03
miR-758 -1,2310 2,86E-03| 3,24E-02
miR-744* -1,2208 1,00E-05| 2,95E-03
miR-1306 -1,2153 1,92E-03| 2,68E-02
miR-1910 -1,2150 1,52E-05| 2,95E-03
miR-1228* -1,2132 4,11E-05| 3,46E-03
miR-449b* -1,2082 2,21E-03| 2,83E-02
miR-3613-3p -1,2054 2,98E-04| 8,92E-03
miR-342-3p 1,2892 4,64E-03| 4,10E-02
miR-424 1,3055 2,25E-04| 7,96E-03
miR-590-5p 1,3413 3,14E-03| 3,35E-02
miR-25 1,3786 2,89E-03| 3,24E-02
miR-15a 1,4059 3,76E-03| 3,61E-02
miR-140-5p 1,5835 3,30E-03| 3,35E-02




TRABAJO III

“INACTIVACION PREFERENCIAL DEL CROMOSOMA X EN
LAS MUJERES PORTADORES DE LA PREMUTACION DEL GEN
FMRI'Y SU RELACION CON FXTAS”

Resumen:

FXTAS es una enfermedad neurodegenerativa de aparicion
tardia que afecta a los portadores de la premutacion del gen FMRI.
Como en la mayoria de las enfermedades con herencia ligada al
cromosoma X, en las mujeres se ha descrito un penetrancia inferior
respecto a la de los varones portadores de la premutacion. Este
fenomeno estd relacionado parcialmente con el mecanismo de
compensacion de dosis génica que se produce mediante la inactivacion
al azar en el embridon de uno de los dos cromosomas X. Sin embargo,
en ocasiones se produce una inactivacion preferencial de uno de los
cromosomas X silencidndose el mismo en un mayor numero de células.
Este fendmeno ocurre en mayor frecuencia en las mujeres portadoras de
alteraciones/mutaciones con herencia ligada al X, en cuyo caso suele
inactivarse el cromosoma portador de la alteracion, evitandose la

aparicion de la enfermedad.
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Con el fin de determinar la implicacion del mecanismo de XCI
preferencial en la penetrancia del FXTAS, se ha estudiado el patron de
XCI preferencial en 31 mujeres portadoras de la premutacion (10
FXTAS y 21 sin FXTAS).

Los resultados de este estudio pusieron de manifiesto un
incremento significativo en la frecuencia de XCI severa en ambos
grupos de portadoras de la premutacion respecto el descrito en la
poblacion normal (P=0.015), considerada para ratios de XCI >90:10 o
>10:90. Ademas se detectaron diferencias significativas en el patron de
XCI severa entre FXTAS y no FXTAS (P=0.018). Concretamente,
todas las mujeres con XCI preferencial (3/10) en el grupo con FXTAS
expresaban tUnicamente el cromosoma con la premutacion. Sin
embargo, todas las portadoras de la premutacion asintomaticas con XCI
severa (5/21) expresaban tnicamente el cromosoma no expandido.

En resumen, a pesar del tamafio reducido de la muestra y
teniendo en cuenta que los patrones de inactivacion preferencial son
tejido-dependientes, estos resultados sugieren que la inactivacion
preferencial del alelo expandido puedo ejercer un efecto protector en

las mujeres portadoras de la premutacion.
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ABSTRACT

Background: Fragile-X associated Tremor/Ataxia Syndrome (FXTAS)
is a late onset multisystem neurological disorder characterized by
intention tremor and cerebellar ataxia. Objective: We hypothesized
that in FMRI premutation females with FXTAS a normal X
chromosome might more frequently be inactivated; therefore, the aim
of this study was to determine the relationship between skewed X
chromosome inactivation (XCI) and FXTAS disease. Methods: We
studied the XCI patterns of 10 cases of FMRI premutation in women
with FXTAS and 21 without FXTAS. Results: The distribution of XCI
patterns in the FXTAS and no-FXTAS groups showed differences
regarding the allele presenting severe skewed XCI. In the FXTAS
group, all cases preferentially inactivated the non-expanded X
chromosome whereas in the no-FXTAS group, all inactivated the
expanded X chromosome. Nevertheless no significant differences were
found on comparing XCI frequencies among FMRI premutation
carriers with and without FXTAS. As expected, we found statistically
significant differences in the skewed XCI on comparing FMRI
premutation women and controls. Conclusion: Although the reduced
sample size and blood XCI patterns are two limitations of this study,
our results suggest that the skewed XCI of the normal FMRI allele may
be a risk factor for the development of FXTAS. Furthermore, our
findings also support the protective effect of the expression of a normal

FMR] allele.
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INTRODUCTION

Fragile-X associated Tremor/Ataxia Syndrome (FXTAS) is a late onset
multisystem neurodegenerative disorder characterized by intention
tremor and cerebellar ataxia which appear after 50-60 years of age in
carriers of a pathological expansion in the FMRI gene. The molecular
defect is a CGG expansion mainly in the premutation range (55-200
CGGQG), although some cases have been described in individuals
carrying alleles in the grey zone (45-54 CGG) or even in full mutation
range (>200 CGQ), albeit non methylated, but always with FMRI
expression [1]. Clinical symptoms also include cerebellar brain
atrophy, Parkinsonism, memory loss, cognitive loss and bowel
incontinence, with women generally presenting milder symptoms than
men.

On the other hand, it is well known that genetic dosage compensation
leads to inactivation of one X-chromosome during embryonary
development in women. X-chromosome inactivation (XCI) is required
for female development and has implications for human disease. This
process is a complex trait determined by the combinatorial effect of
stochastic events and selection biases [2]. In somatic cells XCI is
generally random, with the maternal and paternal X having an equal

probability of inactivation, but in some cases there is a bias or
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preferential inactivation (80:20 or 90:10) of one of the two X-
chromosomes. This phenomenon is more frequent in women carrying
an X-linked disease since skewed XCI generally protects females for
developing the disease. However, XCI can also result in increasing the
severity of disease symptoms, if the X-chromosome with a gene
mutation remains preferentially active [3]. In FXTAS, few affected
women preferentially present an inactivated normal X chromosome [4-
6].

In this study, we hypothesized that in FMRI premutation females with
FXTAS a normal X chromosome might more frequently be inactivated.
Therefore, XCI inactivation patterns were determined in 10 cases of
women with FXTAS and 21 without FXTAS.

MATERIAL AND METHODS

Participants

A total of 31 FMRI premutation female carriers (10 with FXTAS and
21 without FXTAS), clinically and radiological evaluated for FXTAS
were recruited for this study. No significant differences were observed
in age between the two groups (FXTAS 57 + 13 years and no-FXTAS
52 + 12; P=0.3). All individuals were recruited from Fragile X
Syndrome families and were molecularly diagnosed at the Biochemical

and Molecular Genetics Department of the Hospital Clinic of
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Barcelona. All the samples analyzed had the same ethnic and racial
background.

All participants provided written informed consent for testing and for
the use of their phenotypic and genetic data. The Ethics Committee of
the Hospital Clinic of Barcelona approved the study.

Determination of X-chromosome inactivation patterns

Molecular analysis of the FMRI CGG repeats and methylation status
was performed by Southern blot after double-digestion with EcoRI and
Eagl using the Stb12.3 probe as described elsewhere [7]. We also
analyzed the androgen receptor (AR) locus digested with the Hpall
enzyme as described previously [8]. Skewed XCI status was considered
with a threshold value greater than 90-10% [9].

Statistical analysis

Data was analyzed with the Fisher exact test using commercially
available software (SPSS-PC, Version 18.0; SPSS Inc, Chicago, IL,
USA) and significance was accepted with a P-value <0.05.

RESULTS AND DISCUSSION

The results of the present study are summarized in Table 1. Regarding
which allele was inactivated we found statistically significant
differences between women with and without FXTAS (P=0.018). In the

FXTAS group, all cases with skewed XCI showed the non-expanded X
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chromosome preferentially inactivated, whereas in all of the women in
the no-FXTAS group the expanded X chromosome was inactivated.
However, comparison between FMRI premutation carriers with and
without FXTAS did not reveal significant differences in the frequency
of skewed XCI (P=0.517), with both groups exceeding 20% of skewed
XCIL. On the other hand, statistical analysis showed significant
differences on comparing FMRI premutation carriers and controls
(P=0.015).

Skewed XCI has been suggested to be a risk factor for the development
of FXTAS (4-6). In agreement with this hypothesis, we found
significant differences as to which allele underwent XCI. Preferential
inactivation of the normal X chromosome was observed in FXTAS
patients whereas the expanded X chromosome was inactivated in all the
patients in the no-FXTAS group. In addition, none of the women
predominantly expressing the normal FMR] allele developed FXTAS.
Furthermore, this study detected similar skewed XCI frequencies in
both groups. Furthermore in accordance with the higher frequency of
XCI in X-linked diseases, a statistically significant increase (P=0.015)
was also observed in the frequency of skewed XCI on comparing the
FMRI premutation groups (~25%) with the general population which is

estimated to be around 9% [7]. In a previous report, the percentage of
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adult population with an XCI ratio of 90:10 was found to be 3.6%. [9].
These differences might be a consequence of sample age, since our
previous study was based on females over the age of 40 years [7].
Supporting these results, Liu and collaborators (2012) generated iPSCs-
derived neuronal cells of a FMRI premutation female carrier in which
each line exclusively expressed either the normal or the premutation
FMRI allele. These authors demonstrated that neurons harboring the
expanded allele presented synaptic alterations as well as function
abnormalities compared to neurons with a normal X allele [10].
Although the reduced sample size and blood XCI patterns are two
limitations of this study, our results suggest that the skewed XCI of the
normal FMRI allele may be a risk factor for the development of
FXTAS. Furthermore, our findings also support the protective effect of

the expression of a normal FMR/ allele.
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Table 1. Comparison of X-chromosome inactivation ratios in the different groups of FMRI premutation carriers and

controls.

Normal X Expanded X
Total Random XCI Skewed XCI Inactivated: Inactivated:
FMRI premutation 10 70% (7/10) 30% (3/10) 100%(3/3) 0%
carriers with FXTAS
FMRI premutation 21 76.19% (16/21) 23.81% (5/21) 0% 100% (5/5)
carriers without FXTAS
FMR]I premutation 31 74.19% (23/31) 25.81% (8/31)*
carriers
220 90.45% (199/220) | 9.55% (21/220)

CONTROLS”

*Statistically significant (P<0.05 by Fisher Exact Test) compared to controls.

j:Stattistically significant (P<0.05 by Fisher Exact Test) between FMRI premutation carriers with and without FXTAS.

* Data from Rodriguez-Revenga e al., 2009 [7].

11




TRABAJO IV (Manuscrito en preparacion)

“CARACTERIZACION DEL ESTADO DE LA MITOCONDRIA EN
FXTAS: ESTUDIO FUNCIONAL Y ANALISIS DE LA DINAMICA
MITOCONDRIAL”

Resumen:

En el sistema nervioso las mitocondrias son esenciales para la
produccion de energia, la regulacion del calcio, el mantenimiento del
potencial de membrana, el plegamiento de las proteinas mediante las
chaperones, el transporte axonal y dendritico, y la liberacion y
recaptacion de los neurotransmisores en las sinapsis. En la mayoria de
enfermedades neurodegenerativas la disfuncion mitocondrial y el estrés
oxidativo se dan de forma temprana y existen fuertes evidencias que
sugieren que esta desregulacion tiene un papel causal en la patogénesis
de las enfermedades.

Las mitocondrias forman una red interconectada y altamente dinamica,
cuya estructura y biogénesis se encuentra sujeta a las necesidades de la
célula. Las mitocondrias son capaces de variar su morfologia desde
redes elongadas e interconectadas hasta compartimentos fragmentados
y desconectados mediante una estricta regulacion permanente y
balanceada de los procesos de fusion y fision, englobados bajo el

término ‘“dinamica mitocondrial”. Recientemente, alteraciones en la
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dindmica mitocondrial se ha realizado con diversas enfermedades
neurodegenerativas como el Parkinson o el Alzheimer. Existen varias
evidencias que indican que la disfuncion mitocondrial contribuye a la
patogénesis del FXTAS, sin embargo los procesos de dinamica
mitocondrial han sido escasamente estudiados.

En este trabajo se realiz6 el estudio funcional de la capacidad oxidativa
de las mitocondrias, la determinacion del contenido mitocondrial, la
cuantificacion del estrés oxidativo y el andlisis de la morfologia de la
red mitocondrial.

En primer lugar, los resultados de este estudio demostraron una
disminucién significativa en la capacidad oxidativa de los fibroblastos
de pacientes con FXTAS mientras que la valoracién del consumo de O,
en sangre no detectd diferencias significativas entre grupos. Los
cambios observados durante la respiracion celular en fibroblastos
fueron especificos de la cadena respiratoria mitocondrial y no pueden
atribuirse a un menor nimero de mitocondrias ya que el analisis de la
actividad de la enzima citrato sintasa, pardmetro ampliamente utilizado
como indicador del contenido mitocondrial, mostré niveles similares
entre pacientes y controles en ambos tejidos.

En segundo lugar, se identifico un incremento en los niveles de estrés

oxidativo mediante la cuantificacion de lipidos peroxidados en sangre
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periférica y en cultivo de fibroblastos, aunque este incremento no fue
estadisticamente significativo.

Por ultimo, las imagenes obtenidas mediante microscopia confocal
pusieron de manifiesto que los fibroblastos procedentes de pacientes
FXTAS presentan una red mitocondrial significativamente mas circular
y menos interconectada que en el grupo control.

La funcién y la dinamica mitocondrial son dos eventos que se
encuentran estrictamente regulados para satisfacer temporal y
espacialmente las necesidades bioenergéticas de cualquier tipo celular y
especialmente en las neuronas ya que dependen casi exclusivamente de
la fosforilacion oxidativa como fuente de energia. En este trabajo se ha
puesto de manifiesto la alteracion de la funcion y de la dinamica
mitocondrial, por lo que ambas podrian estar implicadas en la
fisiopatologia del FXTAS y podrian contribuir en la aparicion de los

sintomas neurolédgicos.
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ABSTRACT

Neurodegenerative diseases are a heterogeneous group of disorders
characterized by gradually progressive, selective loss of anatomically
or physiologically related neuronal systems, in which mitochondrial
involvement is likely to be an important common theme. FXTAS is a
late-onset neurodegenerative disorder that affects FMRI premutation
(55-200CGG repeats) alleles carriers. In an attempt to provide new
insights onto the mechanisms involved in FXTAS pathogenesis, in this
study we report the characterization of mitochondrial function and
dynamics by the assessment of oxidative respiratory chain function,
mitochondrial content, oxidative stress levels and mitochondrial
network complexity. Results from mitochondrial function revealed that
mitochondrial respiratory capacity is compromised in skin fibroblasts
whereas in blood no major differences were observed between FXTAS
and control groups. Fibroblasts from FXTAS patients showed a
significant decrease in the basal mitochondrial respiration and a
reduction of oxidative activities related to the stimulation of
mitochondrial respiratory chain complexes I and II. This alteration was
not attributable to lower mitochondria content as confirmed by the
analysis of CS activity in both tissues. Furthermore, ROS production
was enhanced in FXTAS patients. Finally, fibroblasts from FXTAS
patients presented more circular and less interconnected mitochondria.
Mitochondrial function and dynamics are two events that must be
tightly regulated in order to temporally and spatially satisfy the
bioenergetic needs of any cell type, especially neurons. Herein, we
demonstrated that mitochondrial respiration as well as architecture is
altered in skin fibroblasts from FXTAS patients, indicating that both
are implicated in the pathophysiology and/or aetiology of neurological

symptoms.

Keywords: FXTAS; oxygen uptake; ROS production; mitochondrial
dynamics; mitochondrial dysfunction



INTRODUCTION

Fragile X-associated tremor/ataxia syndrome (FXTAS, OMIM
#300623) is a late-onset neurodegenerative disorder that appears in at
least one-third of adult carriers of a premutation (55-200 CGG repeats)
in the fragile X mental retardation 1 gene (FMRI) (reviewed in
Hagerman & Hagerman 2004). It has been shown that FXTAS
penetrance depends on age and sex, exceeding 50% for men aged 70-90
years, and that there is significant variability in the progression of
neurological dysfunction (Jacquemont et al. 2004; Rodriguez-Revenga
et al. 2009). FXTAS is characterized by intention tremor, cerebellar
gait ataxia, and parkinsonism, as well as brain atrophy and often middle
cerebellar peduncle hyperintensities on magnetic resonance imaging
(MRI) scans (Hagerman et al. 2001; Jacquemont et al. 2003). The
neuropathological hallmark of FXTAS is the presence of ubiquitin-
positive eosinophilic intranuclear inclusions in neurons and astrocytes
throughout the brain (Greco et al. 2002; Greco et al. 2006).
Neurodegenerative diseases are a heterogeneous group of disorders
characterized by gradually progressive, selective loss of anatomically
or physiologically related neuronal systems. Despite this heterogeneity,
mitochondrial involvement is likely to be an important common theme

in these diseases (Lin & Beal 2006). Mitochondria are key regulators of



cell survival and death that have a central role in ageing. Mutations in
genes involved in mitochondrial quality control and dynamics are
known to cause genetic forms of neurodegenerative diseases (Rugarli &
Langer 2012). There are several evidences supporting a role for
mitochondrial dysfunction in the FXTAS pathogenesis (Ross-Inta et al.
2010; Napoli et al. 2011; Kaplan et al. 2012; Cao et al. 2013; Hukema
et al. 2014). First of all, cultured neurons carrying the FMRI
premutation exhibit significant oxidative stress and mitochondrial
dysfunction (Kaplan et al. 2012; Cao et al. 2013). Mitochondrial
dysfunction is more severe in those patients with FXTAS compared to
carriers without FXTAS, and there is documented iron dysregulation at
the mitochondria in Patients with FXTAS (Ross-Inta et al. 2010; Ariza
et al. 2015). Secondly, deregulation of the oxidative phosphorylation
(OXPHOS) pathway has been described in blood profiling from
patients with FXTAS (Alvarez-Mora et al. 2013; Mateu-Huertas et al.
2014). In an attempt to provide new insights onto the mechanisms
involved in FXTAS pathogenesis, in this study we report the
characterization of mitochondrial function by the assessment of
oxidative respiratory chain function, mitochondrial content, oxidative
stress levels and mitochondrial dynamics in patients with FXTAS and

control individuals.



MATERIAL AND METHODS

Subjects

Patients with FXTAS and control subjects with normal CGG repeat
size (S40CGGs) were recruited for this study. All patients with FXTAS
belong to Fragile X syndrome families and were molecularly diagnosed
at the Biochemical and Molecular Genetics Department of the Hospital
Clinic of Barcelona, Spain and clinically evaluated at the Neurology
Service of the Hospital Sant Pau and Santa Creu of Barcelona. FXTAS
group encompasses patients who met criteria in any of the three
categories of involvement: definite, probable, and possible (Jacquemont
et al. 2003).

All participants provided written informed consent for testing and for
the use of their phenotypic/clinical and genetic data. The study was
approved by the Ethics Committee of the Hospital Clinic of Barcelona.
Blood cells isolation

Peripheral blood mononuclear cells (PBMC) were obtained by a Ficoll
density gradient centrifugation procedure as described elsewhere
(Prilutskii et al. 1990). PBMCs were further divided and stored into
aliquots at -80°C until analysis.

Fibroblasts culture



Skin biopsies were obtained using a 3-mm punch from 3 patients with
FXTAS and 3 control individuals recruited from the Dermatology
Department of the Hospital Clinic of Barcelona. The biopsy was diced
under sterile conditions and then plated in T25 flasks in Minimum
Essential Media (MEM) 13% containing 500 ml MEM (Gibco®) and
75 ml Newborn Calf Serum (Gibco®) supplement with 0,30 ml
Penicillin (Gibco®) and 0,30 Streptomycin (Gibco®) at 37°C with a
5% CO, atmosphere.

Mitochondrial respiratory function in PMBCs

Global and specific MRC Complex I stimulated oxygen consumption
was measured by polarography at 37°C in fresh PMBCs from 6 patients
with FXTAS and 6 control individuals using a Clark oxygen electrode
(Hansatech Instruments Limited, UK) as previously described
(Barrientos 2002). Manual titration of inhibitors and uncouplers was
performed using Hamilton syringes (Hamilton Company, Reno, NV,
USA). Data recording was performed using the O,view software
version 1.0.0.1. (Hansatech Instruments Limited, UK). The oxygen
uptake rates of mitochondria were evaluated in PBMCs as described
previously (Moren et al. 2013). Results were expressed as nanomoles
of oxygen per minute and milligram of protein (nmol of O,/minute*mg

protein).



Mitochondrial respiratory function in fibroblasts

To determine oxygen consumption of skin fibroblasts from FXTAS and
control individuals, high-resolution respirometry was performed at
37°C by polarographic oxygen sensors in a two-chamber Oxygraph-2k
system according to manufacturer’s instructions (OROBOROS
Instruments, Innsbruck, Austria). Manual titration of inhibitors and
uncouplers was performed using Hamilton syringes (Hamilton
Company, Reno, NV, USA). Data recording was performed using the
DatLab software v5.1.1.9 (Oroboros Instruments, Austria). The oxygen
uptake rates of mitochondria were evaluated in fibroblasts as described
previously (Pesta & Gnaiger 2012). Briefly, a million of living
fibroblast cells were obtained from control and FXTAS patients and
resuspended in cold respiration media medium (0.5 mM EGTA, 3 mM
MgCl12, 60 mM K-lactobionate, 20 mM taurine, 10 mM KH2PO4, 20
mM HEPES, 110 mM sucrose and 0.1% (w/v) bovine serum albumin,
pH 7.1). Cell suspension was added to a 2 ml chamber to assess oxygen
flux by measuring Routine respiration (endogenous substrate usage).
Afterwards, cells were permeabilized by digitonine (0.004 % (w/v))
and Leak respiration was measured by adding glutamate (final
concentration 10mM) and malate (2 mM), in the absence of ADP.

Oxidative phosphorylation due to complex I substrates was quantified



by the addition of ADP (5 mM, GMox), followed by addition of
pyruvate (SmM, GMPox), and to measure convergent electron flow
through both complex I and II, succinate (10 mM, Sox) was added.
Subsequently, carbonyl cyanide m-chlorophenylhydrazone (CCCP)
was titrated to achieve maximum flux through the electron transfer
system (0.5 pM). Finally, respiration was inhibited by the sequential
addition of rotenone (1 uM), malonate (SmM) and antimycin A (2.5
uM), respectively. Specific oxygen uptakes rates were obtaining by
subtracting the rates from antimicine as is considered unspecific
oxygen consumption following manufacture’s recommendations.
Oxygen consumption were normalized for the number of cells, thus,
results are expressed as picomoles of oxygen per millilitre (pmol
O,/s*mL).

Mitochondrial content

Citrate synthase (CS) activity was determined as it is considered a
reliable marker of mitochondrial content (reviewed in Rustin, 1994).
The assay was performed at 412 nm following the reduction in SmM
5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) in the presence of 10uL of
cell suspension and 10mM acetyl-CoA in a medium with 1M Tris/HCl
(pH 8.1) and 10% Triton X-100. The reaction was started by adding

50puL of 10mM oxaloacetic acid. The absorbance changes were



followed in a HITACHI U2900 spectrophotometer using the UV-
Solution software version 2.2. Data points were measured every 15
seconds during 4 minutes. Rates were calculated from the linear part of
AAbs/min against mg of protein plots and using a molar absorption
coefficient of 3676.5M—1-cm—1. Citrate synthase activity was
expressed as nanomoles of product per minute and milligram of protein
(nmol/minute-mg protein).

Measurement of reactive oxygen species (ROS) production

Lipid peroxidation was measured as an indicator of oxidative damage
of ROS in cellular lipid compounds in PMBCs from 6 patients with
FXTAS and 6 controls as well as in skin fibroblasts using the
BIOXYTECH® LPO-586™ by the spectrophotometric measurement
of malondialdehyde (MDA) and 4-hydroxyalkenal (HAE) levels,
according to the manufacturer’s instruction (Oxis International Inc.,
CA, USA). Fatty acid peroxide decomposition products were
considered as indicators of ROS production. Results were normalized
by protein content and expressed as micromolar of MDA and HAE per
milligram of protein (UM MDA-+HAE/mg protein).

Mitochondrial network complexity analysis in cultured skin

fibroblasts



Cultured skin fibroblasts were washed with PBS before fixation with
4% paraformaldehyde for 15 minutes. Fixed cells were washed,
permeabilized with 0.1% Triton X-100 incubated in blocking solution
(1% Bovine serum albumin). Immunochemistry for the mitochondrial
network complexity was performed using three different labelling.
Firstly, cells were incubated during lhour at 37°C with the TOM20
rabbit polyclonal primary antibody (Santa Cruz Biotechnology, Ref.
FL-145) diluted 1:100 that specifically binds to outer mitochondrial
membrane. Secondly, cells were simultaneously incubated during 45
minutes at 37°C with Alexa Fluor 488 donkey anti-rabbit secondary
antibody (Life Technologies, Ref. A21206) diluted 1:400 and with the
Wheat Germ Aglutinin (WGA) Alexa Fluor 594 conjugate probe (Life
Technologies, Ref. W11262) diluted 1:200 to stain plasmatic
membrane. Finally, cells were incubated 5 minutes at room temperature
with the TOPRO3 IODIDE probe (Life Technologies, Ref. T3605) to
stain cell nuclei. After mounting of the coverslips onto microscopy
slides with ProLong Gold (Life Technologies, Ref. P36930), samples
were analyzed by confocal microscopy. Images were acquired using a
Leica TCS SL laser scanning confocal spectral microscope (Leica
Microsystems Heidelberg GmbH, Manheim, Germany) with Argon and

HeNe lasers attached to a Leica DMIRE2 inverted microscope.



Different combinations of fluorochromes were used for labelling and
emissions were acquired sequentially as follows: (i) Alexa Fluor 488:
Excitation at 488 nm, triple dichroic beam-splitter (TD 488/543/633)
and emission detection ranges: 500- 535 nm; (ii) Alexa Fluor 594:
Excitation at 543 nm, triple dichroic beam-splitter (TD 488/543/633)
and emission detection ranges: 555- 700 nm; (iii)) TOPRO3: Excitation
at 633 nm, triple dichroic beam-splitter (TD 488/543/633) and emission
detection ranges: 640- 785 nm. All images were obtained using 63x PL
APO oil immersion objective lens (NA 1.32) equipped with phase
contrast optics, confocal pinhole set at 1 Airy unit, 1024x1024 pixels,
and electronic zoom (2.5). A minimum of 10 fibroblasts from each
individual were visualized.

A macro of instructions was written to be executed in the open source
software ImageJ (www.fiji.sc) (Wayne Rasband, NH, USA), to perform
semi-automatic quantitation. Briefly, WGA labelling was used to
evaluate whole cell area and Tom?20 to label the mitochondrial network.
WGA labelled cell was median filtered (radius 2), intensity thresholded
and segmented to measure whole cell area. Mitochondria image was
background subtracted, Gaussian blur filtered (radius 0.8), local
thresholded and finally segmented. Mitochondria network of each cell

was then subjected to particle analysis and the following parameters



were measured: aspect ratio (AR=major axis/minor axis) and circularity
(4m-area/ perimeter2). Form factor (FF) was calculated as the inverse of
circularity. An AR value of lindicates a perfect circle, and as
mitochondria elongates and become more elliptical AR increases. A FF
value of 1 corresponds to a circular unbranched mitochondrion, while
higher FF values indicate a longer more branched mitochondrion.
Statistical analysis

Results were expressed as mean =+ standard error means (SEM).
Statistical analysis were performed using the non-parametric Kruskall-
Wallis test and the Mann—Whitney U test, when required, using
commercially available software (SPSS-PC, Version 18.0; SPSS Inc,
Chicago, IL, USA). Significance was accepted for asymptotic bilateral

p-values below 0.05.



RESULTS

All subjects included in this study were unrelated FMRI premutation
carriers ascertained through fragile X syndrome families that presented
with FXTAS symptoms, including tremor and/or ataxia and controls in
a similar age group range. Table 1 summarizes clinical and molecular
data of individuals recruited in this study.

In order to assess mitochondrial function, mitochondria respiration was
determined in PBMCs and skin fibroblasts from controls and patients
with FXTAS. While results obtained from PBMCs did not showed
statistically significant differences between groups, data from
fibroblasts revealed a significant decline in the OXPHOS capacity in
patients with FXTAS (Table 2). In particular, the basal oxygen
consumption of all complexes in intact cells were statistically
significant reduced in patients with FXTAS relative to controls when
using endogenous substrates (P=0.05). Furthermore, the oxidative
capacities under stimulation of mitochondrial complex I with NAD-
linked substrates (GMPox, glutame/malalte/piruvate oxidation) as well
as under the combined stimulation of mitochondrial complexes I and II
by the addition of the FAD-linked substrate succinate (GMPSox,
glutame/malalte/piruvate/succinate oxidation) were also statistically

significant reduced in patients with FXTAS compared with controls



(P=0.05). Finally, the inhibition of the complex I with rotenone,
indicative of complex II stimulated oxygen consumption, showed a
significant reduction in the oxygen uptake in patients with FXTAS
compared to controls (P=0.05) whereas the residual oxygen
consumption determined by the inhibition of both complex I and II
showed similar rates in both groups (Table 2).

The activity of CS enzyme was determined in PMBCs and in cultured
skin fibroblasts. Results showed that patients with FXTAS have similar
mitochondrial content relative to controls in both tissues
(Supplementary Table 1); thus, the reduction in the OXPHOS capacity
detected in skin fibroblasts could not be explained by lower
mitochondria content.

Oxidative stress measured by the rate of lipid peroxidation did not
show statistically significant differences between patients and controls.
However, ROS production was 20% enhanced in FXTAS PMBCs and
30% in cultured skin fibroblasts from patients with FXTAS with
respect to the control group (Figure 1).

Finally, mitochondrial network complexity was assessed using confocal
microscopy in cultured skin fibroblasts. Statistical analysis revealed
that average circularity was significantly higher in patients with

FXTAS (P=0.05), indicating that mitochondria in these individuals are



less elongated than those of controls (Figure 2A). Furthermore, AR and
FF parameters associated with mitochondria length and branching,
respectively, were decreased in fibroblasts from patients with FXTAS
when compared to controls (Figure 2B and 2C). The positive
significant correlation between mitochondria AR and FF detected in
control fibroblasts, indicative of mitochondria health status, was lost in

FXTAS patients (Figure 2D).



DISCUSSION

In this study, we assessed mitochondrial function and dynamics in
FXTAS patients and controls. Our results showed that mitochondrial
respiratory capacity and mitochondrial dynamics are compromised in
skin fibroblasts whereas in blood no major differences were observed
between groups. Since blood is not a highly energy-dependent tissue it
may be argued that this cell type is not suitable for assessing metabolic
mitochondrial function. Additionally, dermal tissue and neural system
share common embryonic origin (ectoderm), which may explain
enhanced mitochondrial impairment in skin fibroblasts.

In cultured skin fibroblasts from patients with FXTAS, mitochondrial
function characterization evidenced a significant decrease in the basal
mitochondrial respiration and a reduction of oxidative activities related
to the stimulation of mitochondrial complexes I and II (Table 2). These
changes were not attributable to a lower density of mitochondria per
cell as confirmed by the analysis of CS activity (Suppl. Tablel). Our
results are in agreement with those previously described, in which a
lower OXPHOS capacity was reported in cultured skin fibroblasts from
FXTAS patients (Ross-Inta et al., 2010; Napoli et al., 2011). Moreover,
we demonstrated a reduced capacity of basal mitochondrial respiration

and no significant alterations in residual oxygen consumption (Table



2). On the basis of these results, we can conclude that the changes
observed in mitochondrial oxygen uptake in cultured skin fibroblasts
from FXTAS patients are specifically mitochondrial and not due to
alteration of other cellular oxygen consuming processes such as
catalase or autophagy activities. Collectively, our data point to a
compromised bioenergetic capacity in skin fibroblasts of FXTAS
patients. This, in turn, might lead to a lack of energy in times of higher
demand as for example under stress conditions, especially in tissues
highly dependent of oxidative metabolism as neurons (Hall et al. 2012).
Inefficiencies of OXPHOS capacity enhance ROS generation, which
are a collection of highly unstable molecules that attack cellular
structures and cause oxidative stress damage, triggering apoptotic
mechanisms (Federico et al. 2012). The measurement of ROS
production by rates of lipid peroxidation in PBMCs and skin fibroblasts
evidenced oxidative stress in patients with FXTAS, albeit it did not
reach statistically significance in none of the analyzed tissues (Figure
1). In consonance, previous studies have described an enhanced ROS
production in skin fibroblasts from patients with FXTAS by measuring
other oxidative stress markers (Ross-Inta et al., 2010; Napoli et al.,
2011). The imbalance of net ROS production can cause oxidative

damage which is known to have a major role in the cognitive decline



related to normal aging as well as in other neurodegenerative diseases
(reviewed in Bhat et al. 2015).

Mitochondria are highly dynamic organelles able to form
interconnected networks whose biogenesis and structure are highly
influenced by the needs of the cell. In this sense mitochondria are
tightly regulated to continuously adapt shape to functional and
anatomical requirements ranging from small fragmented compartments
to complex filamentous networks in large part by the conserved
activities of mitochondria fission, fussion, motility and tethering
(reviewed in Lackner 2014). Through these mechanisms, mitochondria
continuously merge and divide to share solutes, metabolites, and
proteins as a strategy to promote mitochondrial removal and turn-over.
Understanding how mitochondrial dynamics is linked to cellular
pathophysiology is currently the subject of intense study in a wide
range of disorders (Nikolaisen et al. 2014). Impairments in the
regulation and function of mitochondria have been associated with
aging and disease, including metabolic disorders, cancer and
neurodegeneration. Mitochondrial dynamics in FXTAS has been poorly
investigated. To our knowledge only Kaplan and collaborators (2012)
have described a deficit in the dynamics of mitochondrial movement in

hippocampal neurons from a mouse model of FXTAS. These deficits



were found in early development, suggesting that they might contribute
as a risk factor for developing clinical FXTAS. Our study showed that
skin fibroblasts from patients with FXTAS present an alteration of
mitochondrial network, with more circular and thus less elongated
mitochondria, suggestive of reduced fusion processes and defective
mitochondrial communication. Moreover, the lost of positive
correlation between mitochondria elongation and branching in FXTAS
evidenced less interconnected mitochondria (Figure 2). Therefore, on
the basis of our results, we can conclude that alterations in the dynamic
mitochondrial network are involved in the pathophysiology of FXTAS.

We are aware of the limitations of this study. Firstly, the limited sample
size which might explain lack of significance in some of the
experiments. However, FXTAS is a rare disease with a very low
prevalence in the general population. Secondly, skin fibroblasts might
not constitute an appropriate model system due to clonal selection and
drift in culture, so it is likely that those cells with lower viability are
less represented. On the other hand, skin fibroblasts form dynamic cell-
cell contacts, similar to neurons and also reflect age-dependent
cumulative cell damage. Regarding FXTAS, it has been demonstrated
that fibroblast exhibit overexpression of FMRI transcript mimicking

the levels observed in neurons (Napoli et al., 2011).



Mitochondrial function and dynamics are two events that must be
tightly regulated in order to temporally and spatially satisfy the
bioenergetic needs of any cell type, especially neurons. Herein, we
demonstrated that mitochondrial respiration as well as architecture is
altered in skin fibroblasts from FXTAS patients, indicating that both

are implicated in the pathophysiology and/or aetiology of neurological

symptoms.



Tablel. Characteristics of individuals recruited in this study

AGE (years)i 61.17+1.96 67.83 £5.62

Simple size (n) 6 6
PBMCs N females 3 3

N males 3 3

(CGG)n § <35 109.5+12.96

AGE (years) 75+9.07 60.67 +£5.84

Simple size (n) 3 3
Fibroblasts N females 1 2

N males 2 1

(CGG)n § <30 103 + 16.64

1 Results are expressed as mean values + standard error mean

Table 2. Rates of oxygen uptake in skin fibroblasts. Results are

expressed as mean values =+ standard error mean.

Control 430145 22.45+6.2 344292 25.39+4.6 3.48+1.7
FXTAS 13.98+6 2.81£1.0 3.43:33 5.39+5.1 2.80+1.4
p-valor* P=0.05 P=0.05 P=0.05 P=0.05 -

* Significance was accepted for asymptotic bilateral p-values <0.05



Supplemententary Table 1. Determination of mitochondria number
by means of Citrate Synthase (CS) activity in PMBCs and fibroblasts
from FXTAS patients and control individuals. Results are expressed
mean values + SEM.

Sample size CS activity
(n) (nmol/min*mg proteins)
Control 6 93.93 + 15.26
PBMCs
FXTAS 6 108.03 £16.29
Control 3 67.07+£6.98
Skin
fibroblasts | FXTAS 3 60.59+13.78




FIGURE LEGENDS

Figure 1. Quantification of ROS production in patients with FXTAS
and control individuals from: A) PBMCs and B) Skin fibroblasts.
Figure 2. Mitochondrial Network Complexity in skin fibroblasts from

patients with FXTAS and control individuals.
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Bases moleculares asociadas a la premutacion en FMR]

La descripcion y caracterizacion del impacto clinico de los alelos con la
premutacion de FMRI es de gran importancia dada su elevada
prevalencia en la poblacion general, estimada en 1/130-250 mujeres y
en 1/250-810 hombres (revisado en Tassone et al. 2014). En los ultimos
afios se ha descrito un creciente espectro clinico a parte del FXTAS y
del FXPOI asociado con estos individuos que incluye hipertension,
fibromialgia, trastornos tiroideos y psicologicos (ver anexo I). Aunque
por el momento la relacion de estos fenotipos con la premutacion se
desconoce, la revision bibliografica realizada por Wheeler vy
colaboradores (2014) ha permitido clasificarlos como “definitivamente
relacionado”, “probablemente relacionado”, “posiblemente
relacionado” e “improbablemente relacionado” en funcion de su
presencia o ausencia con FXPOI y/o FXTAS.

Existen numerosos factores que podrian estar implicados en la
aparicion de las patologias asociadas a la premutacion. En primer lugar,
se ha sugerido que la deficiencia en la sintesis de FMRP puede estar
implicada en la alteracion neuroconductual y en los fenotipos
cognitivos asociados. Sin embargo, la ausencia de FXTAS y/o FXPOI

en los individuos con la mutacién completa sugiere que el déficit de
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FMRP tendria un papel secundario en estas patologias (revisado en
Hagerman & Hagerman 2015).

En segundo lugar, numerosas evidencias apoyan la toxicidad del
ARNm de FMRI como evento desencadenante de la patogenicidad de
los alelos premutados. Una de ellas, es la deteccion de inclusiones
intranucleares no s6lo en el SNC sino también en el SN periférico y en
tejidos no cerebrales, afectando 6rganos que se ven comprometidos en
los individuos portadores de la premutacion como son, entre otros, la
tiroides, la glandula pituitaria y los testiculos (Greco et al. 2007;
Hunsaker et al. 2011). El secuestro proteico que median los alelos con
la premutacion conlleva la deficiencia funcional de estas proteinas que
en consecuencia promueve la desregulacion de la célula. Los resultados
presentados en el trabajo I y en el anexo III pusieron de manifiesto la
desregulacion de la expresion génica en pacientes con FXPOI y
FXTAS, respectivamente.

En tercer lugar, hay evidencias de la traduccion del tramo expandido de
la region 5’UTR del gen FMRI a partir del mecanismo de RAN
translation. Se ha demostrado la sintesis de péptidos poliG que
colocalizan con las inclusiones intranucleares en los pacientes FXTAS.
También se han detectado a nivel citoplasmatico en las células de la

granulosa que envuelven el ovario (Todd et al 2013, Cohen Y,
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comunicacion personal). En base a estos hallazgos, actualmente se
considera que el mecanismo de RAN translation contribuye a la
toxicidad celular asociada a los alelos premutados.

En cuarto lugar, se han descrito otros mecanismos implicados en las
patologias asociadas a la premutacion como son la transcripcion del
ARNm antisense de FMR1, y la desregulacion de la via de los miRNAs
(revisado en Hagerman & Hagerman 2015). Los resultados del trabajo
II apoyan las evidencias previas de la implicacion de los miRNAs en la
patogénesis del FXTAS. No obstante, ni la desregulacion de los
miRNAs ni la toxicidad del ARNm expandido de FMRI proporcionan
una explicacion concreta de la reduccion en la viabilidad celular. Para
esto, seria necesario identificar los mecanismos moleculares que se
encuentran alterados en estos individuos.

En los ultimos afos se ha propuesto la alteracion de la homeostasis del
calcio y la disfunciéon mitocondrial como mediadores centrales de la
desregulacion celular (revisado en Hagerman & Hagerman 2013). En
este contexto, los resultados del trabajo IV pusieron de manifiesto la
disfuncion mitocondrial en tejidos no relacionados con el SNC y la
alteracion de la morfologia de la red mitocondrial. Estos hallazgos
proporcionan nuevas lineas de investigacion para esclarecer la relacion

entre la premutacion y la disfuncion mitocondrial.
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Todos los mecanismos descritos hasta este punto tienen como requisito
la transcripcion del ARNm expandido de FMRI, sin embargo se ha
propuesto recientemente la implicacion de un mecanismo co-
transcirpcional en la patogénesis de los alelos premutados. Cuando
existen deficiencias en el procesamiento del ARNm, la formacion de R-
loops que tiene lugar durante la transcripcion de regiones rica en GCs
(Reddy et al. 2011), puede promover la activacion de la respuesta ante
el dafio en el ADN que tienen como consecuencia la acumulacion de la
proteina YH2AX fosforilada (Loomis et al. 2014). Esta proteina ha sido
detectada en las inclusiones intranucleares de pacientes FXTAS
(Iwahashi et al. 2006), por lo que recientemente se ha propuesto que la
maquinaria de reparacion del ADN también podria contribuir a la
toxicidad celular (revisado en Hagerman & Hagerman 2015).

En conjunto, todas estas evidencias ponen de manifiesto la complejidad
de las patologias asociadas a la premutacion y la necesidad de
profundizar en el conocimiento de las bases moleculares que subyacen
a todos estos fenotipos (Figura 18). Unicamente el avance en el
conocimiento de los mecanismos moleculares comunes y especificos en
que se basan estas patologias permitird elucidar la relacion entre los

alelos premutados y el desarrollo de estas enfermedades.
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Figura 18. Diagrama de los posibles mecanismos implicados en el impacto clinico de

los alelos premutados (modificada de anexo 1)
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Mecanismos patogénicos en FXPOI

El ovario es un organo heterogéneo que contiene foliculos en distintas
etapas de desarrollo. El nimero de foliculos primordiales constituye la
reserva ovdrica y estd establecido desde el nacimiento. Estos foliculos
se encuentran en latencia para poder proporcionar regularmente los
oocitos durante la etapa reproductiva de las mujeres. El ovario regula el
reclutamiento ciclico, el desarrollo y la regresion de los foliculos que
contiene. La menopausia se debe al agotamiento de la reserva ovarica
que suele aparecer entre los 45-50 anos.(revisado en Reyes 2010).

Las mujeres con FXPOI se caracterizan por manifestar ciclos
menstruales irregulares, problemas de fertilidad y por la aparicion de la
menopausia antes de los 40 afos. El desarrollo de modelos animales ha
sido de gran utilidad para el estudio de la etiologia del FXPOI, aunque
actualmente los mecanismos moleculares que promueven la aparicion
de este fenotipo permanecen sin esclarecer (revisado en Sherman et al.
2014). Se habia sugerido que la FXPOI podria ser consecuencia de una
disminucion del numero de foliculos primordiales al nacer, sin
embargo, estudios recientes en modelos murinos de FXPOI han
demostrado que la premutaciéon de FMRI no altera la reserva ovarica
(Hoffman et al. 2012; Lu et al. 2012). Los modelos animales han puesto

de manifiesto que se debe a un problema intrinseco del ovario ya que
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existe una aceleracion en la pérdida de todos los tipos de foliculos
(Hoffman et al. 2012) y un deterioro del desarrollo de los foliculos en
crecimiento (Lu et al. 2012).

En el trabajo I de esta tesis doctoral se ha presentado el estudio del
perfil de expresion génica en sangre periférica de mujeres portadoras de
la premutacion con y sin FXPOI. Estos resultados mostraron que las
mujeres portadoras de la premutacion con FXPOI presentan una
infraexpresion de numerosos genes implicados en el ciclo celular, en el
metabolismo del inositol fosfato y en la sefializaciéon mediante VEGF y
MAPK. Estas vias constituyen mecanismos de sefializacion
indispensables para la activacion de los foliculos primordiales, el
mantenimiento de su supervivencia y la maduracion de los oocitos.

El VEGF es un regulador crucial de las funciones reproductivas. Se ha
demostrado que la cascada de sefializacion promovida por este factor de
crecimiento protege a los foliculos y a las células de la granulosa de la
apoptosis, por lo que se considera que actua como un factor de
supervivencia en el ovario (Kosaka et al. 2007). Los resultados del
trabajo I se encuentran en consonancia con estas observaciones ya que
detectaron una expresion a la baja en las mujeres con FXPOI de varios

genes implicados en la sefializacion via VEGF como el gen PI3K y el

139



gen AKT y en la via del metabolismo del inositol fosfato, la cual media
la produccion de substratos de la PI3K.

Existen numerosas evidencias que indican que los genes relacionados
con la familia PI3K/AKT son reguladores cruciales del crecimiento, del
desarrollo y de la supervivencia de los foliculos (Cecconi et al. 2012).
De hecho, esta demostrado que la falta de activacion mediante la via de
la AKT promueve la depleciéon prematura de los foliculos y el
desarrollo de POI (Reddy et al. 2009). Ademas, el modelo murino KO
de AKT presenta una reduccion de la fertilidad, anomalias del ciclo
estral y un incremento del nimero de oocitos degenerados (Brown et al.
2010). En FXPOI también existen evidencias de que AKT estd
implicada en la disfuncioén ovérica. En el modelo murino KI de FMR1
se ha puesto de manifiesto que la premutacion promueve la reduccion
de los niveles de fosforilacion de AKT en el ovario y el incremento de
la apoptosis de los foliculos (Lu et al. 2012). En consonancia, en el
trabajo I se detectaron numerosos procesos bioldgicos desregulados en
las mujeres con FXPOI como son la progresion/arresto del ciclo
celular, la reparacion del ADN y la apoptosis y es bien sabido que la
via de la PI3K/AKT regula varios aspectos del ciclo celular.
Finalmente, en el trabajo I se detectd la regulacion a la baja de la via de

las MAPK y se ha demostrado que varios miembros de esta
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superfamilia estdn implicados en la sefializaciéon mediante FSH/LH, por
lo que tienen un papel importante en la maduracioén de los foliculos y
en el proceso de ovulacion (revisado en Conti et al. 2012; Hunzicker-
Dunn & Maizels 2006).

En resumen, el perfil de expresion génica en sangre periférica de
mujeres portadoras de la premutacion con FXPOI sugiere que la
disfuncién ovarica en estas mujeres se debe a una desregulacion
generalizada de las vias de sefializacion implicadas en la maduracion de
los oocitos. Estos resultados proporcionan nuevos enfoques estratégicos
no solo para estudios posteriores sobre los mecanismos implicados en
FXPOI sino también para el desarrollo de posibles dianas terapéuticas
que se centren en el conjunto de genes implicados en estas vias en vez

de un Unico gen y su efecto.
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Mecanismos patogénicos y factores de riesgo en FXTAS

El FXTAS es una enfermedad neurodegenerativa monogénica que
afecta a los individuos portadores de la premutacién. Sin embargo, se
ha descrito que la mayoria de enfermedades neurodegenerativas no se
deben a un evento genético Unico sino que implican la progresion
secuencial de varios procesos patoldgicos que colectivamente
comprometen la conectividad de las neuronas y/o resultan en una
muerte neuronal (Nelson et al. 2008). En este contexto, es bien sabido
que los miRNAs tienen un papel crucial en la regulacion de la
expresion génica durante el desarrollo, por lo que la alteracion de los
miRNAs se ha asociado con diversas enfermedades neurodegenerativas
(revisado en Maciotta et al. 2013).

Existen varias evidencias que sugieren que los miRNAs podrian estar
implicados en la patogénesis del FXTAS. En primer lugar, se ha
detectado que la expresion aberrante de miR-277 agrava el fenotipo
neurodegenerativo en el modelo de FXTAS en Drosophilla (Tan et al.
2012). En segundo lugar, se ha descrito la asociacion entre el miR-125b
y el miR-132 con FMRP en el cerebro de ratdon para la regulacion de la
estructura de la sinapsis y en el control de la funcion sindptica (Edbauer

et al. 2010). Finalmente, se han descrito varios miRNAs que estan
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implicados en la regulacion de la expresion de FMRI (Zongaro et al.
2013).

En el trabajo II de esta tesis doctoral se detectd una desregulacion del
perfil de expresion de los miRNAs en muestras de sangre periférica de
pacientes con FXTAS. Durante el transcurso de este estudio, Sellier y
colaboradores (2013) identificaron a DROSHA y DGCRS entre las
proteinas parcialmente secuestradas por los alelos premutados. Estas
proteinas forman parte de la maquinaria necesaria para la biogénesis de
los miRNAs por lo que su deplecion resulta en una reduccion del
procesamiento de los miRNAs y por tanto una en una disminucion de
los miRNAs maduros (Sellier et al. 2013). Los resultados del trabajo II
se encuentran en consonancia con estas observaciones ya que los
resultados obtenidos mediante microarrays mostraban que el 80% de
los miRNAs significativamente desregulados se encontraban infra-
expresados en los pacientes FXTAS. De manera similar, el 60% de los
miRNAs identificados mediante secuenciacién presentaban una
regulacion a la baja de su expresion. Sin embargo, la expresion de los
miRNAs identificados al comparar ambas tecnologias se encontraba
mayoritariamente incrementada.

De los 14 miRNAs cominmente desregulados, el miR-424 presentaba

una regulacion a la alza estadisticamente significativa mediante ambas
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tecnologias. La sobreexpresion de este miRNA ha sido evidenciada
previamente en regiones de la sustancia blanca cerebral de muestras
post-mortem procedentes de pacientes con Alzheimer (Wang et al.
2011). Curiosamente, la alteraciéon de la sustancia blanca cerebral es
uno de hallazgos destacados de las imagenes obtenidas por resonancia
magnética en los pacientes FXTAS (Brunberg et al. 2002).

El miR-424 pertenece a la familia miR-15/107 cuya funcion se ha
asociado a la regulacion del metabolismo y al estrés celular. En los
ultimos afios se ha puesto de manifiesto que los pacientes FXTAS
presentan signos de disfuncion mitocondrial y un incremento en los
niveles de estrés oxidativo. Los resultados del trabajo II sugieren que la
sobreexpresion del miR-424 podria contribuir de algin modo con este
proceso. Ademads, en este trabajo se detectd la sobreexpresion de los
miR-23a y miR-27a que también han sido implicados en el proceso de
disfunciéon mitocondrial. En la esclerosis lateral amiotréfica se ha
demostrado que el miR-23a induce la disfuncion mitocondrial
provocando la muerte celular en el musculo esquelético de los
pacientes (Russell et al. 2013).

El miR-23a forma parte del cluster miR-23a~miR27a~miR24-2
localizado en el cromosoma 8, cuya sobreexpresion induce estrés

celular en el reticulo endoplasmatico resultando en el incremento de los
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niveles de calcio que en consecuencia despolariza las membranas
mitocondriales y promovue la apoptosis (Chhabra et al. 2011). Por otra
parte, se conoce que los cambios espaciotemporales del calcio
intracelular influyen en gran manera en el crecimiento neuronal de las
dendritas (Lohmann & Wong 2005). En FXTAS, se han detectado
oscilaciones en los niveles de calcio en neuronas derivadas de células
madre pluripotentes inducidas que albergan la premutacion del gen
FMRI1 que podrian ser los responsables de las alteraciones sinapitcas
que presentan estas células (Liu et al. 2012). Las alteraciones de la
actividad eléctrica y del calcio se detectan también en las neuronas
hipocampales del modelo murino de FXTAS (Cao et al. 2013). En base
a estas observaciones, los resultados presentados en el trabajo II
sugieren que la sobreexpresion de los miR-23a y miR-27a puede
contribuir a la desregulacion del calcio promivida por la premutacion
de FMRI en FXTAS.

Por otra parte, en el anexo III de esta tesi doctoral se determino el perfil
de expresion génica en muestras de sangre periférica en pacientes
FXTAS. A diferencia de los resultados obtenidos en las mujeres
portadoras de la premutacion con y sin FXPOI, en los varones con
FXTAS se dectectaron mas de 1600 genes con un fold change >|1.5| y

un false discovery rate (FDR) <1%. Estos genes estan implicados en
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vias relevantes en la patogénesis del FXTAS como son la respuesta
inflamatoria o la homeostasis y la viabilidad neuronal. Ademas, se
analiz6 la expresion de 12 de estos genes en distintas areas cerebrales
del modelo murino de FXTAS confirmandose, en todos los casos, el
resultado obtenido mediante microarrays. Dado que la funcion
principal de los miRNAs es la regulacion de la expresion génica, la
desregulacion del perfil de expresion de miRNAs en los pacietnes
FXTAS podria contriubiur a la fuerte desregulacion génica detectada en
estos individuos. En resumen, estos resultados sugieren que los
mecanismos moleculares que contribuyen a la patogénesis del FXTAS
implican a parte de la toxicidad del ARNm de FMRI un proceso mucho
mas complejo en el cual la desregulacion de los miRNAS podria
desempefar un papel importante.

Los resultados obtenidos en estos dos estudios pusieron de manifiesto
la alteracion de genes y de miRNAs implicados en la regulacion de la
via de la fosforilacion oxidativa en los pacientes FXTAS. Por lo tanto,
se ha estudiado de manera exhaustiva la funcion mitocondrial en sangre
periférica y en fibroblastos procedentes de pacientes FXTAS. Las
mitocondrias son reguladores centrales de la supervivencia y muerte

celular. La disfuncion mitocondrial ha sido relacionada ampliamente

146



con el proceso de neurodegeneracion y el envejecimiento normal de los
individuos (revisado en Lin & Beal 2006).

Las neuronas son particularmente sensibles a las alteraciones
mitocondriales debido a sus altos requerimientos de energia para el
mantenimiento y la transmision sinaptica (Hall et al. 2012). Las
funciones principales de las mitocondrias incluyen la produccion de
energia en forma de ATP, la homeostasis del calcio, la sintesis de
numerosos metabolitos necesarios para el funcionamiento celular, la
respuesta al estrés y el fomento de la apoptosis. Cuando estos organulos
no funcionan correctamente son los responsable de generar estrés
oxidativo y desencadenar la muerte celular por apoptosis (Federico et
al. 2012). Los resultados presentados en el trabajo IV de esta tesis
doctoral detectaron la reduccion de la capacidad oxidativa de la cadena
respiratoria en los fibroblastos de los pacientes con FXTAS mientras
que en sangre no se detectaron diferencias significativas en el consumo
de O,. Ademas, se detectd un incremento del 20% en sangre y del 30%
en fibroblastos de los niveles de estrés oxidativo. Estos resultados estan
en consonancia con las evidencias previas que detectaban en
fibroblastos de pacientes FXTAS una disminucion de la fosforilacion
oxidativa (Ross-Inta et al. 2010; Napoli et al. 2011). Los datos de este

trabajo sugieren que los pacientes FXTAS presentan una reduccion de
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la eficiencia de la produccion de ATP que a su vez podria llevar a la
falta de energia en los momentos de mayor demanda como por ejemplo
en condiciones de estrés.

En los ultimos afios se ha puesto de manifiesto que las mitocondrias
conforman una red altamente interconectada y dindamica mediante
procesos de fusion y fision (revisado en van der Bliek et al 2013). El
balance de los estos procesos determina la longitud y el grado de
conectividad de las mitocondrias. La morfologia y distribucién de las
mitocondrias en las células, y especialmente los procesos de dinamica
mitocondrial, permiten el intercambio esencial de material genético y
estructural para el reciclaje y “furn-over” mitocondrial. El hallazgo mas
llamativo de los resultados presentados en el trabajo IV de esta tesis
doctoral ha sido la deteccion por primera vez de una alteracion de los
procesos de dindmica mitocondrial en pacientes FXTAS mediante el
estudio por microscopia confocal de la red mitocondrial en fibroblastos.
Concretamente, las mitocondrias de los pacientes FXTAS se
encuentran menos interconectadas, son mas circulares y pierden la
correlacion positiva entre los parametros de elongacion y ramificacion
mitocondrial, asociada al estado de salud mitocondrial. Recientemente,
alteraciones de la dinamica mitocondrial se han asociado con varias

enfermedades neurodegenerativas (revisado en Itoh et al. 2013). Se han

148



identificado varias proteinas que regulan la morfologia de la red
mitocondrial, entre las mas estudiadas se encuentran OPA1 y MFN2
implicadas en los procesos de fusion mitocondrial. Las mutaciones
deletéreas en estos genes son responsables, respectivamente, de la
atrofia Optica autosomica dominante y de la enfermedad Charcot—
Marie-Tooth tipo 2. Estos trastornos se caracterizan por afectar
principalmente a neuronas especializadas que requieren el transporte de
las mitocondrias en distancias largas por los axones neuronales
(revisado en Burté et al. 2015).

La funcion y la dindmica mitocondrial son dos eventos que se
encuentran estrictamente regulados para cubrir las necesidades
bioenergéticas no s6lo de las neuronas sino de cualquier tipo celular.
Recientemente, se ha sugerido que las proteinas implicadas en la
dindmica mitocondrial pueden estar implicadas en la regulacion del
acoplamiento entre la cadena respiratoria mitocondrial y la
fosforilacion oxidativa (Mishra et al. 2014). En base a estas
observaciones, los resultados del trabajo IV sugieren que las
alteraciones detectadas en la arquitectura de la red mitocondrial podrian
contribuir a la disminucion de la capacidad oxidativa detectada en los
fibroblastos de pacientes FXTAS. En conjunto, la alteracion de la

fosforilacion oxidativa y de la arquitectura de la red mitocondrial en
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pacientes FXTAS, indica que ambos procesos podrian estar implicados
en la fisiopatologia del FXTAS y en la etiologia de los sintomas
neurolégicos.

Finalmente se han identificado otros factores genéticos y ambientales
que pueden modular el riesgo a desarrollar FXTAS (revisado en
Hagerman & Hagerman 2013). Los resultados presentados en el trabajo
III mostraron que la XCI contribuye significativamente en el riesgo a
desarrollar FXTAS, ya que el patrén de XCI preferencial severa era
contrario entre portadoras de la premutacion con y sin FXTAS. De
manera que todas las mujeres FXTAS con XCI severa inactivaban
preferencialmente el alelo normal mientras que las asintomaticas
inactivaban preferencialmente el alelo expandido. Por ultimo, existen
polimorfismos que podrian contribuir a la penetrancia del FXTAS
(revisado en Hagerman & Hagerman 2013). En el anexo II de esta tesis
doctoral se identifico un incremento significativo de la frecuencia del
alelo €4 del gen ApoFE en los pacientes FXTAS respecto los portadores
de la premutacion sin FXTAS. Esta proteina es crucial en el
metabolismo del colesterol y el alelo €4 se considera un factor de riesgo
para el desarrollo de Alzheimer. Los resultados del anexo II sugieren
que la presencia del alelo ApoE €4 podria incrementar el riesgo a

desarrollar FXTAS entre los individuos portadores de la premutacion.

150



Tecnologias de alto rendimiento

Los avances en el campo de la biologia molecular y de Ia
bioinformatica han resultado en el desarrollo de “La era Omica” que ha
permitido una nueva vision global de los procesos biologicos. Entre las
multiples disciplinas que han emergido bajo este concepto se encuentra
la gendmica funcional centrada en los aspectos dindmicos de los genes,
como su transcripcion. Existen varias metodologias de alta resolucion
para estudiar el transcriptoma de las células como los microarrays de
expresion o la secuenciacion de nueva generacion. Estas herramientas
determinan la expresion de miles de transcritos de manera simultanea
por lo que es indispensable un analisis computacional para la
interpretacion de este tipo de datos. Este tipo de herramientas son muy
utiles por ejemplo para la determinacion de cambios significativos en
los niveles de expresion de genes o miRNAs especificos. Por este
motivo, estas técnicas se han utilizando para el estudio de las bases
moleculares del FXTAS (Trabajo I y Anexo III).

Sin embargo, se debe tener en cuenta que una de las limitaciones de
estas tecnologias es la elevada tasa de falsos positivos. Por este motivo
se aplica la correccion de los p-valores crudos bajo el modelo de FDR
que genera un “p-valor ajustado” disminuyendo al maximo la aparicion

de este tipo de errores aunque tiene como consecuencia inmediata el
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incremento de la tasa de falsos negativos (Pawitan et al. 2005). Un
ejemplo de esta correccion estricta se ve reflejado en los resultados del
trabajo II donde Unicamente la sobreexpresion del miR-424 alcanz6 un
valor estadisticamente significativo por ambas tecnologias. No
obstante, se identificaron un total de 14 miRNAs con una desregulacion
comun que fue posteriormente confirmada mediante RT-qPCR.

Por otra parte, puede darse el caso de que multiples genes
pertenecientes a una via molecular determinada se encuentren
ligeramente desregulados sin llegar a niveles estadisticamente
significativos. Esto no significa que su alteracion conjunta no pueda
tener un impacto bioldgico en el organismo. Por este motivo se ha
desarrollado un andlisis de enriquecimiento funcional para los datos de
microarrays, conocido como Gene Set Analysis (Subramanian et al.
2005), que permite detectar bloques funcionales de genes que presentan
un patrén comin de expresion. Existen dos tipos de aproximaciones
para este analisis, el enriquecimiento por vias moleculares utilizando
bases de datos como la Kyoto Encyclopedia of Genes and Genomes

(KEGG, http://www.genome.jp/kegg/) o en base a la ontologia

genomica (GO) que clasifica jerarquicamente los genes en funcién al
proceso biologico, la funcion molecular y/o el compartimento celular al

que se encuentran asociados (http://geneontology.org/). Este es el caso

152



de los resultados presentados en el trabajo I, en el cual el anlisis de
expresion diferencial no detectd diferencias significativas entre grupos
mientras que el andlisis de enriquecimiento funcional puso de
manifiesto la desregulacion especifica en las mujeres con FXPOI de
varias vias moleculares indispensables para la maduracion de los
oocitos asi como la desregulacion de varios procesos biologicos
implicados en la supervivencia y muerte celular.

Cabe mencionar que todos los trabajos presentados en esta tesis
doctoral se han realizado estudiando principalmente sangre periférica
como indicador de los procesos patologicos en FXPOI y FXTAS.
Aunque no se trata del tejido diana, la sangre refleja la actividad
fisiologica y patologica de otros Organos y sistemas del cuerpo y
ademads es facil de obtener y sin riesgo para el paciente, por lo que
actualmente supone una fuente atractiva para el descubrimiento y el
desarrollo de biomarcadores (Thambisetty & Lovestone 2010, Cristalli
et al. 2012). Asimismo, numerosos estudios han demostrado su uso
satisfactorio en la deteccion de cambios de la expresion génica asociada
a condiciones fisioldgicas/patologicas del ovario y en enfermedades
neurodegenerativas (Tang et al. 2001; Twine et al. 2003; Flores et al.

2006; Gielchinsky et al. 2008; Lunnon et al. 2013; Mutez et al. 2011).
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En los ultimos afos la revolucion en las tecnologias de alto rendimiento
ha supuesto un gran avance en el conocimiento de la base genética de
enfermedades complejas. Las disciplinas “6micas” han hecho factible
la identificacion de alteraciones moleculares y el desarrollo de
biomarcadores para el diagnostico, prondstico y prediccion de la
respuesta a los tratamientos. La identificacion de un biomarcador
biologico para el diagnostico presintomatico de los individuos
portadores de la premutacion posibilitaria un mejor consejo genético,
un tratamiento precoz y un enlentecimiento de la progresion de las

patologias asociadas a estos individuos.

154



CONCLUSIONES






Los resultados obtenidos de los estudios que comprenden esta tesis

doctoral permiten extraer las siguientes conclusiones:

1.

El estudio del perfil de expresion génica en sangre periférica
procedente de mujeres portadoras de la premutacion con y sin
FXPOI no ha detectado ningin gen con una expresion
significativamente alterada.

El andlisis de enriquecimiento funcional ha detectado la
desregulacion significativa de de vias cruciales para la
maduracion de los oocitos en muestras de sangre periférica
procedentes de mujeres portadoras de la premutaciéon con
FXPOI.

El estudio del perfil de expresion de miRNAs en sangre
periférica procedente de varones portadores de la premutacion
con FXTAS ha detectado 14 miRNAs con una expresion
diferencial respecto a los individuos control.

Existe una distribucion similar para todos los tipos de IsomiRs
en FXTAS, por lo que el proceso de biogénesis de los miRNAs
y/o su estabilidad no parecen estar alterados en la sangre de los
pacientes FXTAS.

La premutacion del gen FMRI promueve una fuerte

desregulacion génica en los varones afectados de FXTAS, ya
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que se han detectado mas de 1600 genes diferencialmente
expresados mediante el perfil de expresion génica en sangre
periférica.

El analisis de enriquecimiento funcional de los genes alterados
y el analisis de las dianas de los miRNAs diferencialmente
expresados en FXTAS han puesto de manifiesto la
desregulacion de la via de la fosforilacion oxidativa en FXTAS.
El estudio del estado de las mitocondrias en pacientes FXTAS
pone de manifiesto la alteracion de las funciones mitocondriales
y de la arquitectura mitocondrial en muestras procedente cultivo
de fibroblastos, no asi en sangre periférica.

El proceso de inactivacion preferencial del cromosoma X es un

factor modulador de la penetrancia del FXTAS.
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ABSTRACT
The expansion of the CGG trinucleotide located within the 5’UTR of the FMRI gene is involved in
a growing number of diseases; the most well-established are Fragile X Syndrome (FXS), Fragile X
Tremor/Ataxia Syndrome (FXTAS) and Fragile X Primary Ovarian Insufficiency (FXPOI). Whereas
full mutation alleles (>200CGGs) are responsible for the FXS, smaller expansions called
premutation alleles (55-200CGGs) are associated with FXTAS and FXPOI. Numerous evidence
have currently been reported suggesting that premutation alleles give rise to an increased risk for
carriers of these alleles in relation to additional medical, psychiatric and cognitive features which
occur at a greater frequency than what would be expected for the general population. In this chapter,

we review the clinical features including peripheral neuropathy, immune-mediated disorders,




migraines and neurocognitive involvement which have been suggested to be associated with
premutation alleles. In addition, the current understanding of the pathogenic molecular mechanisms
that give rise to the spectrum of FMR] premutation associated disorders is also reviewed. Although
further research is needed in order to shed light on the factors underlying the common incomplete
penetrance applicable to all phenotypes associated with the premutation, it is likely that a
combination of environmental and genetic factors with differences in intrinsic susceptibility may

modulate the appearance and the severity of these disorders.

Keywords: FMRI premutation, fibromyalgia, thyroid disease, peripheral neuropathy
INTRODUCTION

In the last years, there has been intense interest in identifying and characterizing the Fragile X
premutation-associated phenotypes from the perspective not only of basic science but also of public
health given its high prevalence affecting 1:250 females and 1:800 males among the general
population [1]. Historically, carriers of FMRI premutation (PM) alleles were considered to be
clinically unaffected, since the gene is generally not methylated and these individuals do not present
intellectual disabilities (ID). The significance of these alleles was generally thought to be their
propensity for expansion to the full mutation range (>200 CGG repeats) during maternal
transmission resulting in transcriptional silencing of FMR1 gene, absence of the encoding fragile X
mental retardation 1 protein (FMRP) and manifestation of fragile X syndrome (FXS) [2,3].
Although, the features of this expansion are not fully understood, it is currently accepted that they
depend on the size of the maternal allele and also on the number of the AGG interruptions within
the CGG-repeat track [4]. The AGG interruptions are likely to have stabilizing effects during
transmission by decreasing the risk of DNA polymerase slippage during DNA replication [5]. In PM
male carriers there is a relative stable transmission, and thus, the risk of expansion to a full mutation
is negligible [reviewed in 6].

Despite the belief that PM carriers do not present signs of clinical involvement, prior to the



discovery of the gene FMRI Cronister and collaborators (1991) [7] reported, higher rates of
premature ovarian failure (POF) among women heterozygous for X-chromosome fragility. Later,
Allinghan-Hawkins and colleagues (1999) [8] established PM alleles as a significant risk factor for
POF based on the study of 760 women in which 16% of PM carriers were affected with POF
whereas none of the full mutation carriers and just one (0.4%) of the controls presented with POF
[8]. Currently, the association between ovarian deficiency and PM female carriers, namely Fragile
X-Primary ovarian Insufficiency (FXPOI), is well-established, presenting an incidence of around
20% in these women and estimated at around 1% among the general population. Chapter 2
describes the features of FXPOI. Ten years after, the first description of a neurodegenerative
disorder named Fragile X Tremor Ataxia Syndrome (FXTAS) associated to older adults PM carriers
was made by Hagerman and colleagues (2001) [9]. This syndrome is characterized by white matter
changes and global brain atrophy, presenting with core features of intention tremor and gait ataxia.
Details of FXTAS are described in Chapter 3.

Over the past 10-15 years, an increasingly broad spectrum of clinical manifestations has been
related to individuals who are carriers of PM alleles (Table 1). Domains of clinical involvement seen
in some, but not all carriers of PM encompass the presence of medical, emotional and cognitive
manifestations which have been widely reported to occur more frequently among PM carriers than
in the general population. Some of these features have recently been classified as being ‘definitely
related’, ‘probably related’, ‘possibly related’ or ‘not likely related’ to the molecular changes
associated with an FMR1 expansion based on clinical and previously reported data [reviewed in 10].
Coffey and collaborators (2008) [11] reported the first evidence of an expanded clinical phenotype
of women with the PM. In this study, PM female carriers without core features of FXTAS showed
significantly more complaints of chronic muscle pain, persistent paraesthesias in the extremities,
and a history of tremor than controls. Furthermore, a significantly greater presence of medical co-
morbidity was detected in females with definite or probable FXTAS, with an increased prevalence

of thyroid disease, hypertension, seizures, peripheral neuropathy, fibromyalgia compared with



controls [11]. In addition, some of the comorbidites associated with FXTAS beyond central nervous

system involvement, specifically peripheral neuropathy [11,12] and neuroendocrine dysfunction

[11,13-15] have also been associated with PM carriers without FXTAS. Moreover, there is

increasing evidence that young PM carriers present increased rates of neurodevelopmental

phenotypes such as attention-deficit hyperactivity disorder (ADHD), autism spectrum disorder

(ASD) and seizures [reviewed in 16]. Furthermore, increased rates of psychiatric involvement,

particularly depression and anxiety have also been associated with FXTAS among adult PM carriers

[reviewed in 17]. Neuropsychiatric aspects are discussed in Chapter 4.

Table 1.Clinical manifestations associated with some FMRI premutation carriers.

Cohort studied* References
Fibromyalgia PM females [11-15]
Thyroid disease PM females [11,13,15]
Irritable bowel syndrome PM females [15]

Ovarian Insufficiency (FXPOI) PM females
Obstetric and perinatal difficulties PM females
Estrogen-deficiency related conditions FXPOI PM females

Working memory deficiencies PM males [27,28]
Language dysfluencies PM females [29]
Spatiotemporal processing impairment Young-adult PM carriers [32]
Arithmetic weaknesses PM females [30,31]
Developmental Delay PM carriers [75]

[reviewed in 10]

Impotence FXTAS PM males [56]
Hypertension FXTAS PM both [11,67]
Bowel and bladder incontinence FXTAS PM both [18,68]

Migraine

PM carriers both

Depression PM females

Anxiety disorders PM females [69-71]
Mood disorders PM females

Seizures and ASD PM male children [72,73]
ADHD PM females [74]

[25]

Peripheral neuropathy

PM carriers both

[11,76]




CLINICAL FEATURES ASSOCIATED WITH FMRI PREMUTATION CARRIERS
Neuropathy

Peripheral neuropathy is characterized by a damaging of peripheral nerves which carry information
to and from the brain as well as to and from the spinal cord to the rest of the body. Depending on the
type of nerve affected it may promote impaired sensation, movement, gland or organ function. The
association between neuropathy and FMR] alleles was first reported in PM carriers with FXTAS
[9,18]. Thereafter, Berry-Kravis and collaborators (2007) [12] reported the first evidence that signs
of neuropathy on clinical examination are associated with PM carrier status based on neurological
examination data from 207 unrelated individuals. Results from this study revealed that the degree of
clinical involvement strongly correlated with the CGG repeat length in males since these individuals
presented significantly higher mean scores in the neuropathy screening scale score (P=0.0014), the
vibration score (P=0.0015), and the reflex score (P=0.0014) than sex-matched controls suggesting
that PM male carriers present higher impairment of both distal vibratory sense and reflexes [12].
The lack of significant differences among PM female carriers presumably reflects the broad
variation in clinical involvement among carriers as a result of variation in the X-chromosome
activation ratio as well as the decreased penetrance of the clinical manifestation due to the
protective effect of the second non-mutated X chromosome [12]. Afterwards, Coffey and
collaborators (2008) [11] demonstrated that females with PM alleles also presented significantly
higher signs of neuropathy based on findings from 128 PM female carriers without FXTAS. In this
study it was shown that these women presented a significant rate of numbness and tingling and
muscle pain in the extremities, albeit evidence of neuropathy is increased in PM female carriers
presenting with FXTAS [11]. It has been suggested that neuropathic symptoms in PM female
carriers are manifested together with the emergence of FXTAS disease [reviewed in 10].
Immune-mediated disorders

Numerous reports support elevated rates of immune-mediated disorders (IMD) in PM female

carriers, particularly regarding hypothyroidism and fibromyalgia [11, 13-15]. In contrast, IMDs



have not been evidenced among males with the premutation, likely due to the relative rarity of these
disorders among the general male population. In a recent study, Winarni and colleagues (2012) [15]
examined the relative likelihood of large clinical manifestations among 344 female carriers of PM
alleles and 72 controls including autoimmune thyroid disorder, multiple sclerosis, Sjogren
syndrome, rheumatoid arthritis, systemic lupus erythematosus, Raynaud’s phenomenon, irritable
bowel syndrome and optic neuritis. The results of this study evidenced that among women over 40
years of age 46.54% of PM females without FXTAS experienced one or more of the IMDs
surveyed, and the prevalence increased to about 72.73% for those with FXTAS compared to 31.58%
for the control group [15]. With respect to FXPOI, both groups of PM females carriers present
higher odds ratios of IMDs compared to controls, and similarly, when considering FXTAS
symptoms, the odds ratio of IMDs among PM female carriers presenting with FXPOI is about 2.4-
fold higher when compared to those without FXPOI. Moreover, these authors found that an
autoimmune thyroid disorder was the most common IMD followed by fibromyalgia and irritable
bowel syndrome [15].

Increased penetrance for both thyroid disease and fibromyalgia has been broadly reported among
PM female carriers [13], although the penetrance of these disorders is highly variable among the
general population since it increases with age. For thyroid disease, it has been suggested that the
association with PM alleles may be more relevant in older women [10] due to the lack of statistical
significance when considering women between 18 and 50 years of age [19]. Nonetheless, in the
general population the penetrance estimated for thyroid disorders is of around 10% [20] and around
2-4% for fibromyalgia whereas it has been estimated to be around 15.9% and 24.4%, respectively,
among PM female carriers [13]. Conversely, in 700 unrelated Spanish patients with fibromyalgia the
frequency of PM alleles did not significantly differ from the estimated rate in the general population
[21]. In contrast, another study found a higher incidence of PM alleles among a Spanish female
fibromyalgia cohort. Indeed, the incidence of PM alleles was 1 of 88, being 1 of 250 in females in

the general population [22]. These controversial results are likely to be caused by a sample size



effect since the data reported by Martorell and colleagues (2012) [22] were based on the screening
of 353 females whereas the data presented by Rodriguez-Revenga and coworkers (2013) [21] were
based on 700 samples. Nonetheless, it has been shown that the pathophysiology of fibromyalgia
involves  hyperexcitability = of  central neurons through  several synaptic and
neurotransmitter/neurochemical mechanisms [reviewed in 23] suggesting that it could arise through
an alteration of pain neurotransmissor mechanisms among PM female carriers [14].

Finally, it has been recently demonstrated that individual carriers of PM alleles present an immune
dysregulation and decreased immune responses when compared with healthy controls [24].
Moreover, it has been found that PM carriers present a reduction in the levels of cytokine production
which is negatively associated with CGG repeat length, mainly with IL-12 production [24].
Furthermore, these women have also been shown to present a decrease in the relative levels of the
surface marker CD25 in T cells suggesting potential differences in the activation of T-cells that
regulate immune response [24].

Migraines

Au and collaborators (2013) [25] have recently reported that PM carriers show increased rates in the
prevalence of migraines based on physical and medical examination of 315 PM carriers (203
females and 112 males) and 154 controls (83 females and 71 males). Migraine is a neurologic
disorder characterized by light and sound sensitivity and pulsatile pain, which is thought to have a
polygenic and mutlifactorial etiology. The prevalence of migraine among the general population is
estimated around 27.3% in women and 9.7% in men [26], reaching up to 54.2% and 26.79% among
female and male PM carriers, respectively, both resulting in statistical significant differences [25].
In addition, this significance was obtained considering both those affected with and also those
without FXTAS, adjusted for age. However, the risk of migraine headaches was not correlated with
either CGG repeats or FMRI mRNA expression [25].

Neurocognitive features

The expanded range of clinical involvement associated with PM carriers also includes an alteration



of various cognitive domains including executive function, working memory and arithmetic skills
which become apparent even in young individuals, with a usually more progressive course in PM
individuals than in the general population [reviewed in 10]. However, neurocognitive deficits are
reportedly more frequent in male than in female carriers of PM alleles. Results reported by Kogan
and collaborators (2008) [27] revealed that the CGG expansion confers a significant risk for
working memory difficulties based on a controlled study of 40 PM male carriers without manifest
symptoms of FXTAS. In addition, Cornish and colleagues (2009) [28] reported neuropsychological
measures in PM males regarding core subcomponents of working memory such as verbal memory,
visual-spatial memory, and central executive memory revealing that PM males present specific
vulnerability in executive control of memory including tasks requiring simultaneous manipulation
and storage of new information, regardless of the presence of FXTAS symptoms. These authors
revealed an impairment of the central executive working memory among PM male carriers without
FXTAS, which was significantly correlated with larger CGG repeat expansions, whereas FXTAS
patients demonstrated a more general impairment in terms of phonological working memory in
addition to central executive working memory [28]. Moreover, language dysfluencies associated
with deficits in organization and planning have been evidenced among PM female carriers [29]. Past
research has demonstrated that language dysfluencies are an indicator of executive functioning
deficits which are characteristic of other neurodegenerative disorders such as Parkinson and
Alzheimer diseases.

Regarding arithmetic skills it has been suggested that PM female carriers show weaknesses in
mathematical tasks [30] and this has recently been supported by other groups [31]. Furthermore, it
has been demonstrated that PM carriers from 19 to 45 years of age show impairment in
spatiotemporal processing which may underlie the impairments observed in arithmetic skills among
these individuals since the representations of space and time provide the foundation for an
understanding of numbers [32].

Although further research is needed, it has been suggested that determining whether cognitive



impairments are detectable in PM carriers without FXTAS should be prudent since it may not only
be an early indicator of cognitive decline in PM carriers [29] but could also be used as a biomarker
of disease progression if these features precede motor impairment [32].

CURRENT UNDERSTANDING OF THE MOLECULAR MECHANISMS UNDERLYING
PREMUTATION-ASSOCIATED PATHOLOGIES
Premutation-associated phenotypes have been mainly attributed to a pathogenic mechanism
involving a gain-of-function toxicity of the expanded FMRI mRNA, a process entirely distinct from
the FMRP deficiency responsible for the FXS phenotype [reviewed in 33]. This observation was
based on the restriction of these clinical phenotypes to the premutation range in which the molecular
signature is a 2-8 fold increase in the expression of the PM mRNA and, paradoxically, a slight
reduction in Fragile X Mental Retardation Protein (FMRP) levels [34]. The mechanisms underlying
the increased transcriptional activity of the PM alleles remain unclear, however, it has been reported
that these alleles use differential transcriptional start sites leading to different expression compared
to non-expanded FMR] alleles [35]. On other hand, it has also been suggested that the reduction of
FMRP in PM carriers may promote an added contribution to the clinical involvement observed in
both children and adults related to phenotypes associated with reduced cognition and disturbed
behavior [36]. However, the FMRP deficiency cannot be a driving factor in the PM-associated
disorders since FXTAS and FXPOI are not experienced by full mutation carriers. Despite wide
reports that the levels of FMRP expression are only slightly decreased in patients with FXTAS, most
of these measurements have been performed using lymphocytes or whole blood samples rather than
brain tissue, in which changes are likely to be more robust [reviewed in 37]. The efficiency of
FMRP translation is associated with the length of the CGG expansion in light of impairment in
translation of larger CGG tracks by interference with ribosomal scanning through the 5’UTR,
thereby preventing appropriate loading of the expanded FMRI mRNA into polyribosomal

complexes [38-40].

It is currently considered that the dual mechanism of involvement, the excess of PM mRNA



expression and the decrease in FMRP translation, is a double hit which may promote phenotypic
features of FXS and PM associated disorders [reviewed in 33, 41]. Notwithstanding, the reduction
of FMRP synthesis, the phenotype of PM carriers, is different from carriers of full mutation alleles
since milder protein deficiency among PM carriers usually leads to mild developmental problems
with these individuals having higher 1Qs and less severe behavioral problems than those with FXS
[reviewed in 42]. A FMRP deficit has been correlated with lowered activity of the amygdala among
PM male carriers compared to controls on functional magnetic resonance imaging whereas
increased levels of expanded mRNA have been strongly associated with obsessive—compulsive
symptoms and psychoticism in PM male carriers [43,44]. It has also been described that RNA
toxicity leads to the up-regulation of the heat shock proteins Hsp70 and aB-crystallin, which may
stimulate immune dysregulation [15]. Regarding migraines, their association with mitochondrial
dysfunction is well established. Interestingly, there is evidence pointing to a deregulation of
mitochondrial function among PM carriers [45-47], therefore the increased prevalence of migraines
in PM carriers may be the result of RNA toxicity leading to mitochondrial deregulation [25].
Likewise, RNA toxicity has also been proposed to shed light on the high rate of thyroid dysfunction
among females with the PM by causing a direct effect on the hypothalamic-pituitary-adrenal axis or
on the thyroid gland. Additionally, RNA toxicity has also been proposed to promote an autoimmune
mechanism or apoptosis in thyroid cells [11]. However, data reported by Cunningham and
coworkers (2011) [48] show that the presence of PM alleles promotes migration defects in the
neocortex and altered expression of neuronal lineage markers among embryonic PM mice. These
results support the hypothesis that the role of the RNA toxicity may be restricted to the initial
triggering events since many features of the neuronal and astrocytic cellular phenotype observed in
FXTAS patients are already present in the neonatal period, suggesting that the clinical involvement
among children carriers of PM alleles may be manifestations of this early, non-degenerative process
[reviewed in 33].

The sequestration hypothesis of RNA toxicity was first proposed and established for myotonic



dystrophy type 1 caused by an expansion of a CTG repeat in the 3’UTR of DMPK gene [reviewed
in 49]. Particularly, in Fragile X PM the model hypothesized that expanded CGG repeats form
hairpin loops which are sticky and recruit an excess of specific RNA-binding proteins, resulting in a
functional insufficiency of the sequestered proteins and leading to cell dysfunction and death [50].
Although the initial triggering events in these disorders are based on RNA toxicity, this model does
not provide evidence regarding cell sickening and death. In this way, there are several candidate
downstream pathways, although alterations of both mitochondrial function and calcium regulation
are emerging as core mediators of cellular deregulation and dysfunction [reviewed in 31, 39] The
increased expression of the expanded FMRI mRNA is thought to be the main cause of clinical
involvement in PM carriers since the FMRI mRNA and the sequestered proteins form aggregates
leading to intranuclear inclusions present in several tissues. Interestingly, the expanded mRNA of
FMRI is detected within the inclusion whereas FMRP is not present [51]. Furthermore, proteomic
analysis of these inclusions revealed a large number of proteins presented in the aggregates,
including the RNA binding protein hnRNP A2/B1, the nuclear envelope protein lamin A/C, the
small heat shock protein aB-crystallin [52], the splicing factor Sam68 [53] and part of the
microRNA processor complex DGCRS8 [50]. Indeed, it has recently been demonstrated that the
sequestration of DGCRS promotes the deregulation of microRNAs biogenesis, suggesting a central
role of DGCR8 as an inductor of RNA toxicity by leading to cell dysfunction and cell loss [50].

Intranuclear inclusions, which represent the neuropathological hallmark of FXTAS [52], have been
also detected among PM carriers through different cell types including the central and peripheral
nervous system and other tissue including the adrenal glands, the testes, pancreas and heart [54-58].
Recently, Hunsaker and colleagues (2011) [58] reported autopsy findings from ten PM carriers with
FXTAS in which intranuclear inclusions were detected throughout multiple tissues including the
hypothalamic-pituitary-adrenal axis, pineal gland, cardiac conduction system, peripheral nerves and
autonomic ganglia, the thyroid gland, the digestive system, the testes and pancreas. The broad

distribution of these inclusions suggests that many organ systems may be affected by RNA toxicity.



Nevertheless, it is necessary to study the processes underlying inclusion formation in depth to
address whether they themselves are toxic or reflect cellular dysfunction [58].

Furthermore, additional mechanisms have been proposed as possible triggering events in the PM-
associated disorders, although most evidence support CGG-repeat mediated protein sequestration
[reviewed in 33,37]. These mechanisms include a RNA-mediated protein aggregation model
whereby the CGGs contained within the FMRI mRNA might promote a conformational transition in
proteins with prion-like domains that may initiate a cascade of protein aggregation similar to what
occurs in amyloid plaque formation in Alzheimer’s disease. Moreover, the production of a toxic
polyglycine peptide has also been proposed as an alternative toxicity model by a non-AUG-initiated
(RAN) translation [59]. In addition, a specific splicing isoform is detected exclusively with
transcripts of PM alleles suggesting a possible role of antisense transcripts generated at the FMR]
locus [60].

Otherwise very little attention has been focused on the other end of the spectrum, the so-called
“low-normal” numbers of CGG repeats, up to 23 trinucleotide repeats. In this framework, data
based on genotype—phenotype correlations have recently been reported suggesting that this range of
CGG repeats may have substantial implications for cognitive functioning, cancer, and the odds of
having children with neurodevelopmental or neuropsychiatric conditions [61]. Despite these range
of CGG number not being associated with altered FMRP synthesis, Chen and co-workers (2003)
[62] reported that the efficiency of FMRP translation was based on the number of CGG repeats,
conferring the greatest efficiency of protein synthesis to the allele of 30 repeats. Thus, inefficient
translation may be related to the clinical manifestations associated with the low numbers of CGG
repeats. Likewise, Ramocki and Zoghbi (2008) [63] suggested that imbalances in homeostatic
controls of multiple genes including FMRI may partially promote the appearance of
neurodevelopmental and neuropsychiatric disorders.

At this point, the difficulty in understanding PM-associated pathologies lies in the inability of

prediction of which PM carriers will develop any of these phenotypes. The incomplete penetrance



across the phenotypic spectrum is likely to be associated with a combination of genetic and

environmental factors which may confer specific vulnerability to PM carriers (Figure 1).
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Genetic factors that may contribute to the PM-associated disorders include CGG repeat length,
expression levels of the expanded FMRI mRNA, aberrant translation of the repeat sequence as well
as genomic changes in other regions of the genome. Within this framework, specific polymorphisms
of the CRHRI gene have been associated with female clinical involvement (rs7209436), particularly
with depression and anxiety mainly as this gene regulates the expression and release of ACTH from
the anterior pituitary gland which, in turn, stimulates the release of cortisol from the adrenal cortex
[64]. Furthermore, risk factors for other neurodegenerative disorders such as allele €4 of the APOE
gene may also influence the risk of FXTAS as a higher frequency of these alleles has been reported
in PM carriers with compared to those without FXTAS [65]. Moreover, it has recently been
suggested that individuals who are carriers of PM alleles presenting with ID, seizures or ASD are
likely to have a second hit since PM carriers show a significant enrichment (P=2.27e-07) of CNVs
compared to controls [66]. Furthermore, these authors found an association between the presence of
rare CNVs (not detected in 8000 controls) among PM carriers with either autistic traits or
neurological involvement, suggesting that they may have a possible role in this phenotypic
variability [66]. Regarding environmental factors, it has been suggested that smoking, prolonged
surgery with anesthesia, drug and alcohol abuse or the stress of carrying a child with FXS are also
puzzling factors which may act as additional determinants for the phenotypic variability among PM
individuals [reviewed in 41,42]. Finally, further longitudinal studies are required to determine the
context in which any of the PM-associated phenotypes are developed and what protective factors
might reduce the risks of more negative outcomes [reviewed in 10].
CONCLUSION

Overall, it is currently accepted that PM alleles led to multiple distinct clinical features which are
present at a greater frequency among PM carriers than what would be expected in the general
population. However, the association of the PM with the phenotypes reviewed in this chapter is less
well established than its association with FXTAS and FXPOI. Although further research is needed

in order to shed light on the factors underlying the common incomplete penetrance applicable to all



phenotypes associated with the PM, a combination of environmental and genetic factors with

differences in intrinsic susceptibility likely modulate the appearance and the severity of these

disorders.
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Purpose: Fragile X-associated tremor/ataxia syndrome is a late-
onset neurodegenerative disorder that occurs in FMRI premutation
carriers. It is well known that the apolipoprotein E ¢4 allele is a risk
factor for neurodegenerative disease. The main goal of this work was
to evaluate the apolipoprotein E genotypes and allelic distribution
among patients with fragile X-associated tremor/ataxia syndrome.

Methods: A total of 44 unrelated FMRI premutation carriers
(22 presenting with fragile X-associated tremor/ataxia syndrome and
22 without fragile X-associated tremor/ataxia syndrome) were geno-
typed.

Results: All the apolipoprotein E €4/4 genotype carriers detected
(100%), and six of the seven apolipoprotein E e4/3 genotype carri-
ers (85.7%) are patients presenting with fragile X-associated tremor/

Fragile X-associated tremor/ataxia syndrome (FXTAS, OMIM
no. 300623) is a late-onset neuropsychiatric degenerative dis-
order that occurs in FMRI premutation carriers (55-200
CGG repeats). Clinical symptoms, which appear in patients in
their 50s or later, include action tremor, progressive cerebellar
ataxia, peripheral neuropathy, autonomic dysfunction, cogni-
tive decline, and dementia.'"* Magnetic resonance imaging in
patients with FXTAS demonstrates mild to moderate cerebellar
and brain atrophy, as well as white matter hyperintensities. In
addition, hyperintensities in the middle cerebellar peduncles
on T2 have been described as a characteristic finding in patients
with FXTAS and therefore constitute a major diagnostic feature
of the disorder.’” It has been estimated that at least one-third
of all FMRI premutation carriers will develop an FXTAS syn-
drome, although there is significant variability in the progres-
sion of neurological dysfunction.>¢”

Apolipoprotein E (ApoE) is a lipoprotein that transports cho-
lesterol and other lipids and lipid-soluble molecules into the
central nervous system.*" ApoE also modulates the inflam-
matory response to cellular damage in the brain.”? The human
ApoE gene shows polymorphic variation, and three alleles, des-
ignated as ApoE €2, €3, and €4, are common in the general pop-
ulation.” Variant distribution of these alleles has been shown to
be associated with a number of age-related diseases including
atherosclerosis, cardiovascular disease, and neurodegenerative
disorders."*'* Although the pathogenic mechanism involving
ApoE in these diseases is still unclear, it has been demonstrated

ataxia syndrome symptoms, whereas only 40% of the apolipoprotein E
€3/3 genotype carriers belong to the fragile X-associated tremor/ataxia
syndrome group. The results showed that the presence of the apolipo-
protein E €4 allele increases the risk of developing fragile X-associated
tremor/ataxia syndrome (odds ratio = 12.041; P = 0.034).

Conclusion: On the basis of these results, we conclude that the pres-
ence of at least one apolipoprotein E 4 allele might act as a genetic
factor predisposing individuals to develop fragile X-associated
tremor/ataxia syndrome.

Genet Med 2013:15(8):639-642
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neurodegeneration

apolipoprotein  E;  association;  FXTAS;

that the ApoE &4 allele is a well-established genetic risk factor
for neurodegenerative disorders including Alzheimer disease
(AD), Parkinson disease, and other disorders in which demen-
tia is present.”””' On the basis of this observation, we have
evaluated the ApoE genotypes and allelic distribution among
a FMRI premutation carrier cohort presenting with FXTAS.
These data might contribute to uncover a new genetic risk
factor for FXTAS and might be useful to identify new genes
involved in the disease onset and progression.

METHODS

Subjects

A total of 44 unrelated FMRI premutation carriers (22 pre-
senting with FXTAS symptoms and 22 without FXTAS clinical
symptoms) were included. Samples from subjects belong to the
Hospital Clinic of Barcelona and were molecularly diagnosed
in the genetics laboratory of the same hospital. All participants
were enrolled from families with members known to be affected
with fragile X syndrome, and all of them are of Caucasian eth-
nicity. A classification on the basis of the gender and the age
of the participants is summarized in Table 1. Although clinical
data is scarce for some of the patients and we did not diagnose
dementia in all of them, none of the cases included in the study
had a diagnosis of AD. Overall, FXTAS encompasses patients
who meet criteria in any of the three categories of involvement:
definite, probable, and possible.® ApoE allele frequencies were
compared with those of the control population reported by

'Department of Biochemistry and Molecular Genetics, Hospital Clinic, Barcelona, Spain; *Fundacio Clinic per a la Recerca Biomedica, Barcelona, Spain; *CIBER de Enfermidades
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Adroer et al.? The study was accomplished in compliance with
the Hospital Clinic ethics committee. Written informed consent
was obtained from all the subjects before their participation.

Molecular analysis

ApoE genotyping was performed by polymerase chain reaction
amplification as described in previous studies.”' Allele frequen-
cies were estimated by counting the alleles.

Statistical analyses

Differences in age, gender, CGG repeat number, and the
presence of the ApoE &4 allele among patients with and
without FXTAS were evaluated by multivariate logistic
regression analysis. A nonparametric test (Mann-Whitney
U test) was applied to examine whether the presence of the
ApoE ¢4 allele is related to the age of onset of the disease.
Moreover, ApoE 4 allele frequency in FXTAS was compared
with those previously described in AD patients and control

Table 1 Classification of the FMR1 premutated individuals
enrolled in the study

FXTAS Non-FXTAS Total
Men (n) 14 7 21
Age
Mean 70.1 71
SD 9.1 16.7
CGG repeat
Mean 81.3 79.6
SD 20.3 20.1
Women (n) 8 15 23
Age
Mean 61.6 55.1
SD 10.8 12.5
CGG repeat
Mean 90.9 80.9
SD 36.5 24.8

FXTAS, fragile X-associated tremor/ataxia syndrome.

SILVA et al | High apolipoprotein E4 allele frequency

population.?® P values <0.05 were considered statistically sig-
nificant. Statistical analyses were performed using commer-
cially available software (SPSS SmartViewer, version 18.0;
SPSS, Chicago, IL).

RESULTS

A total of 22 patients with FXTAS and 22 patients without
FXTAS were genotyped for the ApoE locus. The mean + SD of
age and the mean + SD of CGG repeat number for the FXTAS
group were 67 +10.4 and 84.8 £26.9, respectively. The mean age
for the non-FXTAS group was 60 years +15.5, and the mean
value for CGG repeat number was 80.5+22.9 for the non-
FXTAS group. When comparing the two groups, there were
no significant differences in age (odds ratio (OR) = 1.048; P
= 0.069) or in CGG repeat number (OR = 1.013; P = 0.313).
However, significant differences were found in gender (OR
= 4.46; P = 0.042; 95% confidence interval (CI) = 1.14-17.5)
(Table 1) and the presence of the ApoL &4 allele (OR = 12.041;
P = 0.034; 95% confidence interval = 1.21-119.7) (Table 2).
ApoE genotypes from FMRI premutation carriers (FXTAS and
non-FXTAS) are given in Table 2. The only ApoE 4/4 genotype
carrier detected, and six of the seven ApoE 4/3 genotype carri-
ers were patients presenting with FXTAS symptoms (31.8% of
all patients with FTXAS). By contrast, 95.5% of patients with-
out FXTAS were ApoE 3/3 genotype carriers as compared with
62.8% of patients with FXTAS. The ApoE allele frequencies for
patients with and without FXTAS are given in Table 3. With
respect to age of disease onset, Mann-Whitney U test showed
no statistically significant differences among patients with
FXTAS carrying ApoE &4 allele (65.8+11.9) and those not car-
rying this allele (67.5+6.3; P = 0.596), ruling out an early age of
onset on the basis of the presence of the ApoE ¢4 allele.

ApoE &4 allele frequencies were then compared with those
previously reported for patients with AD (n = 88) and age-
matched controls (n = 147) (Table 3). Of note, no significant
differences were found when comparing FXTAS ApokE allele €4
frequencies with those detected in patients with AD (x* = 1.858;
degrees of freedom = 1; P = 0.2). By contrast, the comparison
with the control population group showed significant differ-
ences (x* = 7.78; degrees of freedom = 1; P = 0.013).

Table 2 ApoE allele genotype and allele frequencies in FMR1 premutation carriers

FXTAS Non-FXTAS
Gender (n) Women Men No. of subjects (n) Women Men No. of subjects (n)
8 14 15 7 22

Genotype

4/4 1 0 1(4.5) 0 0 0(0)

4/3 2 5 6(27.3) 1 0 1(4.5)

4/2 0 0 0 0 0 1(0)

3/3 4 10 14 (63.6) 14 7 21(95.5)

3/2 1 0 1(4.5) 0 0 0(0)

Numbers in parentheses indicate frequencies.
ApoE, apolipoprotein E; FXTAS, fragile X-associated tremor/ataxia syndrome.
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Table 3 Allele frequencies in patients with FXTAS, patients
with AD, and age-matched controls

ApoE FXTAS Non-FXTAS AD?(n =88) Control® (n =147)
€2 Allele 0.023 0.000 0.022 0.068
€3 Allele 0.795 0.977 0.687 0.870
€4 Allele 0.182 0.023 0.289 0.061

AD, Alzheimer disease; ApoE, apolipoprotein E; FXTAS, fragile X-associated tremor/
ataxia syndrome.

Data taken from ref. 20.

DISCUSSION

The ApoE &4 allele is a well-known genetic risk factor for
AD.?? Some studies have shown that €4 allele frequency is
significantly increased among patients with AD and that
this association might be related to a cognitive decline and
a faster disease progression, contributing to the reduction
of the median age for AD onset.>'** FXTAS is a late-onset
neurodegenerative disorder molecularly characterized by
increased levels of abnormal (expanded CGG repeat) FMR1
mRNA and slightly reduced fragile X mental retardation
protein levels. The presence of these elevated levels of FMRI
mRNA led to the proposal of an RNA “toxic gain-of-func-
tion” model for FXTAS, in which the mRNA itself, with the
abnormal CGG repeat tract, is causative of the neurological
disorder.>***?> Although AD and FXTAS have different clini-
cal and neuropathological features, both disorders show pro-
tein aggregates, with a cytotoxic effect that leads to cell death
or a disordered synaptic transmission.?>* AD is character-
ized by senile plaques that are predominantly composed of
B-amyloid, an amino acid peptide cleaved from the amyloid
precursor protein.”” Considering the central role of ApoE,
which includes transporting cholesterol into the central ner-
vous system and helping to remove amyloid-p protein from
the brain,'” together with the fact that amyloid precursor
protein mRNA is a target for fragile X mental retardation
protein-mediated translational repression at the synapse,”
it would seem likely that there is a biological connection
among ApoE, the FMRI gene, and the FXTAS syndrome.
Furthermore, the fact that ApoE variants have been associ-
ated with a large number of age-related and neurodegenera-
tive disease and that no reports were available on the ApoE
allelic frequencies in FXTAS patients, we found it necessary
to investigate the relationship of ApoE with FXTAS. We
therefore examined ApoE genotypes in relation to FXTAS
among 44 FMRI premutation carriers (22 presenting with
FXTAS and 22 without FXTAS). The comparison of the two
groups (considering the CGG repeat number, age, and gen-
der) showed no significant differences except with respect to
gender (Table 1). This observation is in concordance with the
fact that FXTAS penetrance has been found to be lower in
female FMRI premutation carriers than in male carriers.”®

Similar to what has previously reported in other neuro-
degenerative diseases,”** we have found an association
between the presence of ApoE e4 and the risk of having
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FXTAS, evidencing a significantly higher risk for FXTAS
among 4 carriers (OR = 12.041; P = 0.034; 95% confidence
interval = 1.21-119.7). By contrast, the ApoE e2 allele, the
allele that protects against AD, was not significantly found
among individuals without FXTAS (Table 2). Furthermore,
the ApoE genotype distribution detected among individuals
with FXTAS resembles those found among Spanish patients
with AD (Table 3).*° Contrary to what has been published for
AD," no association has been found between the presence of
the ApoE €4 allele and the age of disease onset. Although the
sample size is small, to our knowledge and considering that
FXTAS is a rare disease and still poorly recognized among
specialists, the cohort herein studied corresponds to one of
the largest Spanish cohorts ever published.

In summary, on the basis of these results, we conclude that
the presence of at least one ApoE &4 allele, together with other
factors, might act as a genetic factor predisposing individuals to
develop FXTAS. However, further studies are required in order
to clarify if this association is also found in other populations.
The data herein reported provide a first approach that might help
in unraveling other genes related to FXTAS pathology. A better
understanding of the molecular underpinnings of FXTAS should
shed light on therapeutic approaches that will combat neurode-
generation and improve cognitive and motor performance.
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ARTICLE INFO ABSTRACT

Article history: Male premutation carriers presenting between 55 and 200 CGG repeats in the Fragile-X-associated (FMR1) gene
Received 7 August 2013 are at risk of developing Fragile X Tremor/Ataxia Syndrome (FXTAS), and females undergo Premature Ovarian
Revised 16 December 2013 Failure (POF1). Here, we have evaluated gene expression profiles from blood in male FMR1 premutation carriers
:5:]2;2 22151??81;:“23?;32 o1 and detected a strong deregulation of genes enriched in FXTAS relevant biological pathways, including inflamma-

tion, neuronal homeostasis and viability. Gene expression profiling distinguished between control individuals,
carriers with FXTAS and carriers without FXTAS, with levels of expanded FMRT mRNA being increased in
FXTAS patients. In vitro studies in a neuronal cell model indicate that expression levels of expanded FMR1 5’-
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UTR are relevant in modulating the transcriptome. Thus, perturbations of the transcriptome may be an interplay
between the CGG expansion size and FMR1 expression levels. Several deregulated genes (DFFA, BCL2L11, BCL2L1,
APP, SOD1, RNF10, HDAC5, KCNC3, ATXN7, ATXN3 and EAP1) were validated in brain samples of a FXTAS mouse

Histone deacetylase 5 (HDAC5) model. Downregulation of EAP1, a gene involved in the female reproductive system physiology, was confirmed
in female carriers. Decreased levels were detected in female carriers with POF1 compared to those without
POF1, suggesting that EAP1 levels contribute to ovarian insufficiency. In summary, gene expression profiling in
blood has uncovered mechanisms that may underlie different pathological aspects of the premutation. A better
understanding of the transcriptome dynamics in relation with expanded FMR1 mRNA expression levels and
CGG expansion size may provide mechanistic insights into the disease process and a more accurate FXTAS diag-
nosis to the myriad of phenotypes associated with the premutation.
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Introduction

Trinucleotide repeat disorders are a set of genetic diseases caused by
expansions of three nucleotides in selective genes, which are mainly
connected to neurological diseases (Orr and Zoghbi, 2007). This is
the case of the fragile X mental retardation 1 (FMR1) gene (OMIM
309550), which contains a highly polymorphic CGG repeat at the 5’ un-
translated region (5’-UTR) (Fu et al,, 1991; Verkerk et al., 1991). In the
general population, the length of the FMR1 CGG repeat ranges from 5
to 55 copies, and 30 repeats are the most commonly found allele
(Peprah, 2012). FMR1 CGG repeats ranging from 55 to 200 trinucleo-
tides constitute the premutation alleles, while full mutation alleles are
characterized by more than 200 repeats. In fully mutated alleles, the
gene is generally hypermethylated and thus silenced, resulting in Frag-
ile X Syndrome (FXS; OMIM 300624), the most common form of
inherited mental retardation in childhood (Tassone et al., 1999). Yet,
premutation alleles are characterized by a 2 to 8 fold increase of the pro-
duction of FMR1 mRNA compared with normal individuals, despite nor-
mal or slightly reduced levels of the FMR1 protein (FMRP) (Hessl et al.,
2005). Interestingly, premutation alleles are associated with a large
range of different disorders, such as Fragile X associated Tremor/Ataxia
Syndrome (FXTAS; OMIM 300623) (Hagerman et al., 2001), Premature
Ovarian Failure (POF1; OMIM 311360) (Sullivan et al., 2005), thyroid
dysfunction, hypertension, fibromyalgia, and chronic muscle pain
(Coffey et al., 2008; Hagerman et al., 2004), and have often an adult
onset of development.

FXTAS is a neurodegenerative disorder that develops mainly in men
over 50 years of age (Hagerman and Hagerman, 2004). FXTAS is charac-
terized by a progressive action tremor, gait ataxia and other frequent
variable features of cognitive decline; especially executive dysfunction,
parkinsonism, neuropathy, and autonomic dysfunction (Grigsby et al.,
2006). FXTAS patients may also present psychiatric symptoms, such as
anxiety, mood liability and depression (Bacalman et al., 2006; Hessl
et al., 2005). FXTAS prevalence is 1 in ~400 males and ~250 females.
Penetrance in females is around 8-16% and in males near 40%, but it in-
creases with age to a 60-70% in males of around 80 years (Dombrowski
et al,, 2002; Jacquemont et al., 2004). These data suggest that FXTAS is
one of the most common monogenic forms of gait ataxia and tremor
in older males.

Neuroanatomical characterization of FXTAS brain samples shows
Purkinje cell loss, Bergmann gliosis and global brain atrophy. Further-
more, the presence of eosinophilic, ubiquitin positive intranuclear inclu-
sions is detected in neuronal and non-neuronal cells throughout the
central nervous system (Greco et al., 2002; Iwahashi et al., 2006;
Tassone et al., 2004). Inclusions are the pathological hallmark of
FXTAS and can be reproduced in cell and mouse models (Arocena
et al., 2005; Willemsen, 2003).

Inclusions contain proteins involved in stress responses, including
the heat shock proteins HSP27 and HSP70 (Iwahashi et al., 2006) and
structural proteins such as lamin A/C and GFAP (Iwahashi et al., 2006).
Characteristically, the inclusions contain the FMR1 mRNA itself (Tassone
et al., 2004), which has been shown to sequester some RNA binding pro-
teins through the CGG repeat stretch. These include SAM68, hnRNPA2
and MBNL1, whose loss of function results in alterations of splicing events
with consequent detrimental effects in cell function (Iwahashi et al.,
2006; Jin et al., 2007; Sellier et al., 2010; Sofola et al., 2007). Despite all
the efforts, additional studies are needed to understand the causes of
the pathologies associated with the progression of FXTAS.

A common difficulty in neurological disorders is the availability of af-
fected brain tissue to study the pathology. In these cases, non-invasive
gene expression profiling in peripheral blood is a useful strategy to de-
fine molecular signatures that may provide mechanistic insights into
disease pathogenesis and identify biomarkers of disease progression.
The use of blood samples to identify potential pathways and genes in-
volved in a neurodegenerative process has been successfully imple-
mented in trinucleotide repeat disorders, including Huntington's

disease (Borovecki et al., 2005) and Friedreich's ataxia (Haugen et al.,
2010). This strategy identified several genes that distinguished con-
trol individuals, pre-symptomatic- and symptomatic patients with
Huntington's disease harboring a CAG expansion in the huntingtin
gene. Furthermore, the authors showed that blood profiling partially
reflected changes occurring in diseased brain (Borovecki et al.,
2005). In Friedreich's ataxia, a GAA repeat expansion in the frataxin
gene leads to its impaired expression. Sustained frataxin loss in
blood results in altered expression of genes involved in immune re-
sponse and oxidative phosphorylation, thus providing insight into
the nature and progression of the disease (Haugen et al., 2010).

Here, we report the first investigation involving transcription profil-
ing of total blood from male FMR1 premutation carriers. Gene expres-
sion deregulation was further analyzed in an in vitro neuronal cell
model of FXTAS and in several brain regions of a knock in (KI) mouse
model for FXTAS (Bontekoe et al., 2001). Our results provide a com-
prehensive catalog of the transcriptional changes underlying FMR1
premutation carriers and provide new insights into the associated
pathology.

Material and methods
Human samples

A total of 15 unrelated male individuals were recruited for this
study: 9 fragile X premutation carriers and 5 control males (average
age of 73) with normal FMR1 alleles (Table 1). All the carriers were re-
cruited from fragile X families. At the time the samples where collected,
a total of 5 carriers where diagnosed with FXTAS. In the course of this
study, two additional carriers developed FXTAS. A total of 25 female car-
riers were recruited, with 12 presenting POF1 (Supplementary Table S1).
In addition, 8 control females were included, with 4 presenting POF1. The
CGG repeat number and clinical/neurological findings of these patients
are summarized in Table 1 and S3. All patients provided written informed
consent for testing and for the use of their phenotypic and genetic data.
(Local Ethical Committee registration number 2008/4595).

Mouse samples

We used three male CGG-KI mice for the fragile X premutation
(range 150-178 CGG repeats) (Bontekoe et al., 2001) at 70 weeks of
age and four male wild type (wt) mice of the same age range were in-
cluded in this study. Mice were sacrificed, and brain tissue was removed
from the skull and cut sagittally at the midline into two equal pieces be-
fore being frozen and preserved in liquid nitrogen. Subsequent dissec-
tion of the different brain areas was performed in transgenic and
control mice: prefrontal cortex, striatum, brainstem, motor cortex and
hippocampus. Animals were reared and sacrificed in accordance with
the recommendations and protocols approved by the local ethics
committee.

Total RNA isolation

For each individual, 2.5 mL of peripheral venous blood was collected
in 5 mL PAXgene tubes. Whole blood RNA was isolated and purified
with the PAXgene Blood RNA Kit according to the manufacturer's in-
structions. The mouse dissected brain areas were placed immediately
in Qiazol solution from Qiagen, followed by RNA extraction with the
miRNeasy kit (Qiagen) as indicated by the manufacturer. RNA extrac-
tion from our neuronal cell model was also performed with miRNeasy
(Qiagen) following manufacturer's instructions. The RNA quality and
quantity measures were done with a 2100 Bioanalyzer (Agilent Tech-
nologies) and an ND-1000 spectrophotometer (Thermo Scientific), re-
spectively. All RNA samples showed an RNA integration number of
seven or more.



E. Mateu-Huertas et al. / Neurobiology of Disease 65 (2014) 43-54 45

Table 1

Clinical and molecular characteristics from male carriers. AS, asymptomatic patients; SP, symptomatic patients. DEF: definite, PROB: Probable, POS: Possible.
Subject Age (CGG)n mRNA % FMRP® Clinical signs Radiological signs Diagnostic® FXTAS onset

FMR1?

SP1 63 106 1.56 67 2 major 1 major + 1 minor DEF 62
SP2 65 113 32 88 1 major + 1 minor 1 major DEF 64
SP3 62 60 1.72 100 2 major 1 major + 1 minor DEF 60
SP4 43 60 122 94 1 minor 1 major PROB 64
SP5 69 75 2.06 83 2 minor + 1 major 1 minor POS 62
SP6 65 83 193 78 1 major 2 major DEF 65
SP7 55 73 3.82 95 1 major + 2 minor 1 minor POS 57
AP 1 65 80 1.04 78 None 1 minor NO -
AP2 42 73 0.95 86 None None NO -
Control 1 72 28 1.09 - None None - -
Control 2 77 29 117 - None None - -
Control 3 69 23 1 - None None - -
Control 4 71 29 145 - None None - -
Control 5 77 23 0.92 - None None - -

2 RNA levels are reported as fold change over those in normal sex-matched control individuals.

b Ppercentage of hair root positive for FMRP by immunohistochemical staining.
© Diagnostic criteria for minor and major signs described by Jacquemont et al. (2007).

Microarray hybridization and analysis

100 ng of total RNA was labeled using the LowInputQuick Amp La-
beling kit (Agilent) following the manufacturer's instructions. Briefly:
mRNA was reverse transcribed in the presence of T7-oligo-dT primer
to produce cDNA. cDNA was then in vitro transcribed with T7 RNA po-
lymerase in the presence of Cy3-CTP to produce labeled cRNA. The la-
beled cRNA was hybridized to the Agilent SurePrint G3 Human gene
expression 8 x 60K Microarray according to the manufacturer's proto-
col. The arrays were washed and scanned on an Agilent G2565CA micro-
array scanner at 100% PMT and 3 pum resolution. Intensity data was
extracted using the Feature Extraction software.

Raw data were taken from the Feature Extraction output files and
were corrected for background noise using the normexp method
(Ritchie et al., 2007). To assure comparability across samples we used
quantile normalization (Bolstad, 2001). Differential expression analysis
was carried out on non-control probes with an empirical Bayesian ap-
proach on linear models (limma) (Smyth, 2004). Results were corrected
for multiple testing according to the False Discovery Rate (FDR) method
(Benjamini and Hochberg, 1995). All statistical analyses were per-
formed with the Bioconductor project (http://www.bioconductor.
org/) in the R statistical environment (http://cran.r-project.org/)
(Gentleman et al., 2004). We used the SurePrint G3 Human GE
8 x 60K Microarray for peripheral blood samples of Fragile X
premutation carriers' expression profile, the SurePrint G3 Human
Gene Expression 8 x 60K v2 Microarray for our in vitro cellular sys-
tem and the SurePrint G3 Mouse GE 8 x 60K Microarray for the
mouse brain regions analyzed (Agilent).

Pathway enrichment analysis

We used the Ingenuity Pathway Analysis (IPA) online tool (Ingenu-
ity System Inc., www.ingenuity.com) to interpret data in the context of
biological processes, pathways, and networks.

qPCR validations

Gene expression analysis was performed using 0.15 pg total RNA
from human peripheral blood and 0.3 pg total RNA from CGG KI mice
model or SH-SY5Y cell line. cDNA synthesis was performed using the
SuperScript Il First Strand Synthesis System for RT-PCR (Life Technolo-
gies) following the manufacturer's instructions. The cDNA product was
diluted to 1/5 with sterile water. Real time PCR (rRT-PCR) was per-
formed using TagMan gene expression assays, following the
manufacturer's instructions in an AB 7900HT Fast Real Time PCR
System.

For each experiment, all cases and controls were analyzed in the
same rRT-PCR experiment, each sample was run in quadruplicates and
the cDNA synthesis was repeated at least twice. Relative quantification
(RQ) as shown in graphs was calculated with the 2AACt method
(Livak and Schmittgen, 2001) using ACTB and MRIP as reference
genes. RQ was calculated to compare all expression values normalized
to the reference genes among carrier and control samples. These RQs
and their statistical significance were obtained from a linear mixed ef-
fects model (Steibel et al., 2009), which accounted for the different
sources of variation derived from the experimental design (Miflones-
Moyano et al., 2011). TagMan Expression Assays are found in Supple-
mentary Table 2.

Generation of FMR1 5’-UTR expanded vectors

Lymphocyte cell lines (LCLs) from two different carriers had been
established. One LCL is from a female carrier, which permits the clon-
ing of a normal allele. B lymphocytes were isolated from peripheral
blood samples by gradient centrifugation with Ficoll using Leucocep
tubes (Greiner Bio-One). Peripheral Blood Mononuclear Cell (PBNC)
interphase was collected and washed twice with phosphate buffered
solution (PBS), and finally resuspended in 5 mL PBS. PBNCs were in-
cubated with Epstein Barr virus supernatant at room temperature.
After the 3 hour incubation 7 mL of incubation medium was added
(RPMI 1640 + 20% FBS + 200 ng/mL cyclosporine A). After 5-7 days,
5 mL of medium were replaced with fresh medium. Polymerase
chain reaction (PCR) amplification was carried out on genomic
DNA (gDNA) isolated from the established LCL. Amplification condi-
tions were as follows: an initial denaturation at 96 °C for 30 s was
followed by 25 cycles of 96 °C for 30 s, 64 °C for 30 s and 68 °C for
5 min and a final elongation of 30 min at 68 °C. Each 12.5 pL reaction
contained: 3 pL GC-RICH PCR reaction buffer 5x, 3 uL GC-RICH
resolution solution 5 M, 0.08 pM of each oligonucleotide (FMR1 F
and FMR1 R), 150 uM of each dNTP, 200 ng of gDNA and 1 pL GC-
RICH Enzyme Mix (Roche). Products were purified through a 2%
agarose gel and gel extracted using a gel extraction kit (Qiagen).
Primers used were FMR1 F (5’-AGCCCCGCACTTCCACCACCAGCTCC
TCCA) and FMR1 R (5’-TTCACTTCC GGTGGAGGGCCGCCTCTGAGC).
Gel purified PCR products were cloned using the pGEM-T Easy Vector
Systems (Promega). The recombinant plasmids were transformed
into SURE2 supercompetent cells (Stratagene) according to the
manufacturer's instructions. The recombinant pGEM-T Easy Vector
cloned ina 5’ to 3’ orientation was digested with Sacll (New England
BioLabs) followed by a 3’ polishing with X-Pfu DNA Polymerase
(Kyratec) for 30 min at 37 °C to achieve blunt ends. The insert was
then released using Notl (New England BioLabs) and gel-purified.
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The DNA fragment of interest was subcloned into the pCAGIG sequenced using the Big Dye 3.1 Termination Cycle Sequencing Kit
(Addgene plasmid 11159) (Matsuda and Cepko, 2004) and trans- and DNA Sequencer (ABI3100) from Applied Biosystems. PCR condi-
formed into SURE2 supercompetent cells. Positive plasmids were tions where optimized with 7% DMSO in the final volume.
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Fig. 1. Gene expression analysis in peripheral blood samples of fragile X premutation carriers. (A) Heatmap of 1660 differentially expressed RNAs (Fold Change > I1.5land false discovery
rate < 1%). Genes with similar expression profiles are grouped in eight different clusters and labeled with different colors. Columns represent samples and rows show the genes. For each
gene, red indicates positive log-ratios and blue negative log-ratios. C; Controls, AP; asymptomatic patients, SP; asymptomatic patients. (B) List of the significantly enriched canonical path-
ways, molecular and cellular functions, diseases and physiological system development and functions altered for each of the eight gene clusters according to IPA. (C) Validation of expres-
sion changes by qPCR. Comparison between qPCR and microarray results for selected genes is shown.
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Cell lines and transfections

SH-SY5Y neuroblastoma cells were grown in Dulbecco's modified
essential medium (DMEM, Invitrogen) supplemented with 10% of
inactivated fetal bovine serum (FBS), 100 units/mL penicillin and
100 mg/mL Streptomycin (GIBCO, Invitrogen). The differentiation
protocol for SH-SY5Y consisted of growing media with 10 mM retinoic
acid (RA) (SIGMA). After a four day exposure, the media were re-
moved and replaced by normal growth media plus 80 nM of 12-0-
tetradecanoylphorbol-13-acetate (TPA) (SIGMA) during five addi-
tional days (Presgraves et al., 2004). All the transfection experiments
were performed using Lipofectamine 2000 (Invitrogen), according to
the manufacturer's instruction and at a cell confluence of 60%. Vec-
tors were transfected at a concentration that permits an equivalent
expression of the plasmids (between 0.6 ng/uL and 0.3 ng/uL).
Twenty-four hours after transfection cells were processed, RNA iso-
lated as previously indicated and rRT-PCR determinations of the
expression levels of the 5/-UTR transgene were performed, using
custom TagMan assays: EGFP (AGTTCGAGGGCGACACCCTGGTGAA)
and FMR1-IRES (GAAGCAGTTCCTCTGGAAGCTTCTT).

Results

Abundant blood gene expression deregulation in FMR1 premutation
carriers

To identify mechanisms with possible relevance in the nature and
progression of the FXTAS phenotype, we have examined changes in
the global gene expression profile in blood samples of male fragile X
premutation carriers. We included nine premutation carriers: five
FXTAS symptomatic patients, four FXTAS asymptomatic patients and
five age-matched controls (Table 1). During the course of the study,
two of the asymptomatic patients initiated FXTAS symptomatology
and therefore became symptomatic patients. FMR1 mRNA expression
levels in the two other asymptomatic patients were similar to control
individuals, while symptomatic subjects presented a clear upregulation
of FMR1 mRNA when compared to controls (~2 fold change, p < 0.01)
(Table 1). Accordingly, clinical characteristics of individuals used in
another study reported asymptomatic patients with no increase in the
expression of the FMR1 gene (Napoli et al., 2011).

We performed gene expression profiling using Agilent based microar-
rays (SurePrint G3 Human GE 8 x 60K Microarray) (GSE48873). Tran-
scripts that passed stringent filtering criteria (Fold Change > 11.5land
FDR < 1%) were considered as differentially expressed genes. According
to these criteria, a total of 1660 RNAs were differentially expressed
when comparing symptomatic patients with control individuals. 1003
genes were downregulated and 657 genes were upregulated. Interesting-
ly, more than 30% of the differentially expressed genes were long non-
coding RNAs (IncRNAs), most of them (93%) being downregulated.
Heatmap analysis of the deregulation across different samples showed
three main clusters consisting in controls, asymptomatic patients and
symptomatic patients (Fig. 1A). Because FMR1 mRNA levels are different
between symptomatic patients and asymptomatic patients, both the
CGG expansion per se and the expression levels of the premutated
FMR1 gene may account for the gene deregulation observed in
premutation carriers.

In the heatmap analysis, we identified eight clusters of differentially
expressed genes, containing between 1260 (blue) and 51 (red) RNAs
(Figs. 1A and B). Ingenuity Pathway Analysis (IPA) in each cluster re-
vealed enrichment in several biological pathways which may underlie
FXTAS pathogenic aspects (Fig. 1B), including mitochondrial dysfunc-
tion, cell death and survival, inflammatory response, reproductive sys-
tem disease, and neurological disorders. Thus, differentially expressed
genes in blood identify pathways related to different neuropathological
aspects of the FXTAS phenotypes. Heatmap analysis showed that 45% of
the deregulated IncRNA clustered with protein coding genes involved in

the inflammatory response, and another 28% with genes involved in
nervous system development and function (Supplementary Table S3),
suggesting a participation in analogous functions.

To identify possible modulators explaining the deregulation, IPA
uses two statistical tools to determine the activation state of a given
molecule: the Z-score, calculated within our data set, and the overlap
p-value, which also takes into account already known regulators for a
given gene. With this approach, IPA identified several cytokines, tran-
scription factors and a number of miRNAs that could contribute to de-
regulation of gene expression in FXTAS (Supplementary Table S4).

Microarray expression data were validated by TagMan based qPCR
for 15 genes selected for their probable functional link to FXTAS
(Fig. 1C). These genes are involved in nervous system function, inflam-
matory response, cell death, mitochondrial function, and oxidative
stress. We validated 14 out of 15 genes, using two different reference
genes: ACTB and TBP. The only gene that we could not replicate was
the potassium voltage gated channel member 3 (KCNC3), which was
not consistently expressed in our samples (Ct values: 38-40). The vali-
dated early at menopause 1 (EAP1) gene is an important component in
the hypothalamic control for the initiation of puberty and maintenance
of the female reproductive cycle in rodents and in non-human primates
(Lomniczi et al., 2012). Since POF1 is characteristic of female carriers, we
determined the expression of EAP1 in peripheral blood samples of 25 fe-
male carriers, 12 of them presenting POF1. We included eight females
without the permutation and four presenting premature menopause
(onset before the age of 40 years) (Supplementary Table S1) as controls.
RT-PCR analysis showed a significant downregulation of EAP1 in carrier
patients when compared with control individuals without POF1, thus
confirming EAP1 deregulation both in male and female carriers. Down-
regulation was stronger (24%, p < 0,01) in female carriers with POF1
compared with female carriers without POF1 (Fig. 2). However, a signif-
icant EAP1 decrease was also detected in controls with POF1 compared
with controls without POF1, thus suggesting that EAP1 low levels may
be associated both with the FMR1 premutation and with POF1. These
findings are in agreement with a common involvement of EAP1 decline
in loss/disruption of the menstrual cycle in different genetic conditions.
Thus, a possibility exists that decreased EAP1 levels in female carriers
contribute to the high prevalence of POF1 in female carriers.
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Fig. 2. EAP1 expression in female fragile X premutation carriers. EAPT mRNA expression
levels in POF1 control and carrier females. Expression levels are compared to a control
sample for RQ. Determinations were performed using two independent reference genes.
Boxplot representing the distribution (median and interquartile range). Statistical signifi-
cance is shown by (***P < 0.001; ##P < 0.01). Bonferroni correction was applied for mul-
tiple comparisons. Significant differences with respect to control individuals without POF1
are indicated with “*” and significant differences between carriers with POF1 and carriers
without POF1 are indicated with “s”.
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Table 2

qPCR relative quantification of specific FXTAS-blood-DEG in different brain areas of the KI
FXTAS mouse model. Determinations were performed in the prefrontal cortex, motor cor-
tex, striatum, hippocampus, cerebellum and brain stem. The deregulation pattern and the
corresponding fold change are indicated for each gene and brain area. Down or up indicate
a statistically significant deregulation in KI vs. control mice, using a linear mixed effects
model, and “~” indicates no deregulation of transcript levels. Deregulation pattern ob-
served with 2 independent endogenous reference genes is indicated in black labeling
and deregulation detected with one of the two reference genes is indicated in gray. The
last column indicates the deregulation pattern observed in blood of FXTAS patients accord-
ing to the array and qPCR validations.

Human

GeneID Prefrontal cortex  Motor cortex Array

Striatum Hippocampus Cerebellum Brain Stem

Dfa - - FC--128 - B - Down
p-val = 6E-04
Bel2ll - FC=-122 FC=137 B B FC=-132 Down
p-val = 7E-03 p-val = 6E-03 p-val = 2E-04
Bcl2ll1 FC=-136 FC=-144 FC--133 - B FC=-14 Down
p-val=2E-04  p-val=2E-04 p-val=1E-02 p-val = 2E-04
App FC=138 B B B B FC=1.18 Up
p-val = 2E-04 p-val = 2E-04
Sodl  FC-133 B B B B FC=132 Up
p-val = 5E-03 p-val = 2E-04
Raflo - FC=-1.14 FC--138 - B FC=-187 Down
p-val=3E-03 p-val = 9E-03 p-val = 2E-04
Hdacs - FC=-1.12 FC=-135  FC- 122 - B Down
p-val=2E-03 p-val=2E-04 p-val = IE-02
An7 - FC=-12 FC=-121 - FC=-1.1 - Down
p-val=2E-04 p-val = 6E-03 p-val = 2E-03
A3 TC- 122 - - - = FC=134 Up
p-val = 3 p-val = 2E-04
Eapl - = = - FC=-119  FC=-185 Down
p-val =2E-04 p-val = 2E-04
Kenes - FC=-142 FC--198 - FC=-12 FC=-133 Down
p-val=2E-04 p-val=2E-04 p-val=8E-04 p-val=6E-04
Fmrl  FC=250 FC=199 FC=2.17 FC=267 FC=228 FC=286 Up

p-val=2E-04  p-val=2E-04 p-val=2E-04 p-val=2E-04 p-val=2E-04 p-val=2E-04

Black keys: validated using two independent reference genes.
Gray keys: validation with one independent reference gene.

Expression of selected blood deregulated genes in several brain areas of the
FXTAS mouse model

The altered expression of a large amount of transcripts in peripheral
blood samples of fragile X premutation carriers raises the question on
whether similar changes occur in other tissues affected by the CGG re-
peat expansion, especially in brain samples for the FXTAS phenotype.
We therefore analyzed the expression of selected genes in brain sam-
ples of the CGG KI mouse model, in which the endogenous mouse
CGG repeats in the murine Fmr1 gene have been replaced by the
human FMR1 gene carrying 150 CGG repeats (Bontekoe et al., 2001).
We analyzed the expression of 12 genes differentially expressed in
blood with relevant functions in neuronal homeostasis (Fig. 1C) and in
brain samples of three CGG KI and four control mice. We performed
TagMan based qPCR using two different reference genes in six brain
areas: prefrontal cortex, motor cortex striatum, hippocampus, cerebel-
lum and brainstem. These areas were selected according to their associ-
ation with the symptomatology in FXTAS patients and their affectation/
involvement in human tissue and mouse samples. The motor cortex,
prefrontal cortex and hippocampus show high content of intranuclear
inclusions in the human brain as well as in the CGG KI mouse model
(Wenzel et al., 2010; Willemsen, 2003). In addition, working memory
is impaired in the CGG KI mouse model, suggesting that hippocampal
dependent impairments in spatial processing may occur (Hunsaker
et al., 2012). Intranuclear inclusions are also present in specific
brainstem nuclei and cerebellum layers of FXTAS CGG KI mice
(Wenzel et al., 2010; Willemsen, 2003). Moreover, neuroimaging
studies in human carriers also revealed volume loss in the cerebral

cortex, hippocampus, and cerebellum as well as brainstem and white
matter disease in the brainstem and cerebellum (Cohen et al., 2006;
Moore et al., 2004). Though intranuclear inclusions are rare in the stri-
atum of CGG KI mice (Wenzel et al., 2010; Willemsen, 2003), other
types of alterations in these areas may explain some of the motor defi-
cits in FXTAS patients, including resting tremor and rigidity (D'Hulst
et al.,, 2009; Lee et al,, 2007).

Increased levels of Fmr1 mRNA (2-3 fold change) were detected in
all brain areas of the CGG KI mouse (Table 2), which agrees with previ-
ous results (D'Hulst et al., 2009; Lee et al., 2007). Of the remaining 11
genes, we validated nine in the brainstem, eight in the striatum and
seven in the motor cortex (Table 2) using two independent reference
genes (Hprt1 and Thp). Moreover, half of the genes studied showed
the same expression direction in at least three of the six brain regions.
Specifically, downregulation of potassium voltage gated channel mem-
ber 3 (Kvnc3) and Bcl-2 interacting mediator of cell death (Bim) could
be validated in four out of six different brain regions. Also, the ring finger
protein 10 (Rnf10), the histone deacetylase 5 (Hdac5), the Bcl-2-like
protein 1 (Bcl-X), the spinocerebellar ataxia type 7 protein (Atxn7)
and Eap1 showed downregulation in half of the tested brain regions. In-
terestingly, we found that Eap1 was significantly downregulated in the
brainstem and cerebellum of CGGKI mouse, suggesting that Eap1 levels
in certain brain areas could contribute to POF1 in this model (Lu et al.,
2012). All together, these results suggest that gene expression profiling
in the blood of fragile X premutation carriers partially reflects changes
in the brain transcriptome which may underlie neuropathological as-
pects in FXTAS.

The levels of premutated 5'-UTR FMR1 mRNA influence gene expression

According to patient clustering analysis (Fig. 1A) our data suggest
that symptomatic patients and asymptomatic patients present differen-
tial gene expression profiles which may be explained by the levels of ex-
pression of FMR1 5’-UTR. To determine whether premutated 5’-UTR
FMR1 expression levels could contribute to neuronal gene expression
deregulation, we used differentiated postmitotic SH-SY5Y neuronal
cells transfected with expanded and unexpanded 5’-UTR FMR1 expres-
sion vectors. We used an unexpanded vector with a 21 CGG repeats
FMR1 allele (V21) and a premutated/expanded vector with 79 CGG re-
peats FMR1 allele (V79) to perform the experiments (Fig. 3A). The ex-
pression levels of the vectors were determined 24 h after transfection
using two different custom TaqMan assays designed to amplify GFP or
PIRES (Fig. 3B). Quantification of the expression levels of the transfected
vectors showed a group of cells expressing V79 at similar levels as V21
and another group of cells transfected with higher amounts of V79
showing 8-fold overexpression of the vector compared with V21
(V79_8x). These overexpression levels of premutated FMR1 mRNA
have been also reported in FXTAS patients (Kenneson et al., 2001;
Tassone et al., 2000). Gene expression was then profiled in the six inde-
pendent biological replicas, using the Agilent SurePrint G3 Human GE
8 x 60K Microarray (GSE48903).

Heatmap analysis of the probe sets differently expressed in V79_8x
vs. V21 (Fold Change > 11.21 and FDR < 5%) showed strong clustering
of cells expressing V79_8x with respect to the rest of the samples. The
majority of the mock-, V21- and V79-transfected cells were clustered
together, in the corresponding groups (Fig. 3C). We found 427 differen-
tially expressed genes (Fold Change > 11.2I and FDR rate < 5%) when
comparing cells transfected with V21 with those overexpressing V79

Fig. 3. Gene expression profiling linked to the overexpression of permutated 5'-UTR-FMRT in differentiated SH-SY5Y neuronal cells. (A) CGG expanded (V79) and unexpanded (V21) FMR1
5'-UTR were cloned into the bicistronic pCAGIG vector and transfected into differentiated SH-SY5Y cells. Two sets of primers (indicated by arrows) were used to quantify the expression of
the vectors. (B) Quantification of the expression of the different vectors using two independent sets of primers, covering GFP (right panel) or FMR1-IRES (left panel) fragments. Quanti-
fication was normalized using two different reference genes. Expression levels are referred to a control mock-transfected sample for RQ. (C) Heatmap plot of 427 differentially expressed
genes comparing V79_8x vs. V21 expressing cells (Fold Change > 11.2land false discovery rate < 5%) 24 h after transfection of the vectors. Columns represent samples and rows represent
genes. For each gene, red indicates up-regulation and blue indicates down-regulation of expression relative to the mean.
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(8-fold). A total of 16 of these genes presented a similar deregulation pat- Table S5). We also detected 197 differentially expressed genes in cells
tern in blood when comparing control individuals with symptomatic expressing the V79 vector vs. cells overexpressing the same vector
patients (Fold Change > 11.2] and FDR < 5%) (Supplementary (V79_8x). From those, 21 genes presented a similar deregulation
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pattern in blood when comparing asymptomatic patients with symp-
tomatic patients (Fold Change > 11.51, Supplementary Table S6). Al-
though a little overlap was observed between differentially expressed
genes in patient's blood and the cellular model, IPA suggests that similar
biological pathways are perturbed. Thus, overexpression of expanded
5’-UTR FMR1 might be sufficient to deregulate a subset of genes in-
volved in inflammation and nervous system development and function.
Moreover, 93% (178 out of 192) of differentially expressed genes in cells
expressing the V79 construct vs. cells overexpressing the same vector
(V79_8x) were also differentially expressed in cells expressing V21 vs.
V79_8x (Supplementary Table S7). This suggests that overexpression
of FMR1 5’-UTR leads to quantitative rather than qualitative changes
in gene expression. In line with this, the levels and pattern of deregula-
tion of 68% of the differentially expressed genes were more substantial
in V21 vs. V79_8x than in V79 vs. V79_8x. A similar phenomenon was
observed for 41 genes that showed a tendency for deregulation (not
reaching statistical significance) when comparing V21 vs. V79 transfected
cells (Supplementary Table S8). Again, the deregulation levels of those
genes were increased in V21 vs. V79_8x expressing cells.

To study if the sensitivity of differentially expressed genes to V79
dosage was specific to the premutation/expansion, we evaluated whether
a similar phenomenon was detected upon overexpression of the V21 con-
trol vector. We validated the V79 dosage sensitivity for four out of five ex-
amined genes by TagMan qPCR (Fig. 4A). For these genes we did not
observe significant changes when overexpressing V21 (Fig. 4C) suggest-
ing selective sensitivity for overexpression of the expanded FMR1 5'-UTR.

We only found ten differentially expressed IncRNA (Fold Change >
I1.2land FDR < 5%) in the in vitro cellular system, which contrasts
with the large number of IncRNA deregulated in the blood of fragile X
premutation carriers. Nevertheless, it is worth mentioning that only
15% (919 probes) of the IncRNA probes in the V1 version of the
SurePrint G3 Human Gene Expression 8 x 60K Microarray are contained
in the newer V2 version. Using the 919 common IncRNA probes for both
arrays we found 383 to be differentially expressed in blood samples of pa-
tients with FXTAS, with only one being also deregulated in our in vitro cell
system: the zinc finger protein 815 (ZNF815) non-coding RNA.

Discussion

Population based studies in newborn for the FMR1 premutation
allele have estimated prevalences ranging from 1/209 in females to
1/430 in males (Tassone et al., 2012). Fragile X premutation carriers
are at risk of developing different disorders, including tremor and
ataxia (FXTAS), early menopause (POF1), thyroid dysfunction, hyper-
tension, fibromyalgia, and chronic muscle pain (Bacalman et al., 2006;
Coffey et al., 2008; Grigsby et al., 2006; Hagerman et al., 2001, 2004;
Sullivan et al., 2005). To evaluate the constellation of gene expression
consequences of the FMR1 CGG repeat premutation we have performed
comprehensive gene expression profiling in peripheral blood samples
of male carriers, including FXTAS patients. The pattern of differentially
expressed genes allowed the identification of eight premutation as-
sociated clusters, each of them enriched in genes key in physiological
processes, whose disruption is likely relevant in several fragile X
premutation phenotypes.

A large number of differentially expressed genes encode for respira-
tory chain subunits, which are essential for ATP production. We validat-
ed the upregulation of cytochrome c oxidase subunit VIc and subunit
VIIb (COX6C and COX7B). The changes we observed in blood RNA of

FXTAS patients was also detected in fibroblasts and in brain samples
from FXTAS patients, suggesting a shared disease response between dif-
ferent tissues (Napoli et al., 2011; Ross-Inta et al., 2010). It has been pro-
posed that the increase in the expression of mitochondrial function
related transcripts in FXTAS patients is a compensatory response to
overcome the diminished oxidative phosphorylation capacity (Napoli
et al., 2011; Ross-Inta et al., 2010). Compromised oxidative phosphory-
lation affects ATP production and increases cellular stress by generating
mitochondrial reactive oxygen species, which can damage cell compo-
nents and lead to cell death (Lin and Beal, 2006). In line with this, we de-
tected an upregulation of the superoxide dismutase 1 (SOD1), involved
in neutralizing free superoxide radicals. Importantly, our data revealed
increased expression of genes implicated in other stress responses, in-
cluding spinocerebellar ataxia type 3 protein (ATXN3), involved in the
degradation of misfolded chaperone substrates (48), and the amyloid
beta (A4) precursor protein (APP), participating in endoplasmic reticu-
lum stress induced apoptosis (Scaglione et al., 2011; Takahashi et al.,
2009). Among the differentially expressed genes we also detected an
enrichment in the oxidative stress response and in the oxidative phos-
phorylation pathways, which are both largely associated with neurode-
generative processes (Lin and Beal, 2006).

Other gene clusters showed enrichment genes involved in the mTOR
signaling pathway and its downstream effectors: elF2 signaling, elF4
signaling, and p70S6K signaling regulation. mTOR integrates cellular
signals to regulate organismal growth and homeostasis. In the nervous
system, mTOR is critical for long term memory formation, axon regener-
ation, dendrite arborization and spine morphology (Hoeffer and Klann,
2010). The relevance of mTOR in cellular and organismal homeostasis is
further supported by its deregulation in aging and neurodegenerative
disorders (Laplante and Sabatini, 2012). An upstream regulator of
mTOR is the v-akt murine thymoma viral oncogene homolog 1 (AKT1),
for which we detected decreased expression levels in blood samples of
symptomatic patients. It has been shown that knock down of AKT1
in the fly model of FXTAS enhances the neurodegenerative pheno-
type in the eye (Lin et al., 2013), indicating its importance FXTAS
neuropathology.

Blood profiling identified differentially expressed genes involved in
gene expression regulation which are important for normal neuronal
homeostasis. ATXN7 is involved in chromatin remodeling and showed
decreased expression in symptomatic patients. Mutations in ATXN7
leads to spinocerebellar ataxia type 7, a neurodegenerative disorder
closely related to FXTAS (David et al., 1997). We also detected decreased
expression of RNF10, a transcription factor involved in expression regu-
lation of myelin associated glycoprotein (MAG) (Hoshikawa et al.,
2008). Studies with cerebral and cerebellar tissues from FXTAS patients
exhibit white matter disease, which is characterized among other fac-
tors by neuron demyelination (Greco et al.,, 2002).

We also found decreased expression of HDAC5 in symptomatic pa-
tients. Interestingly, the activity of histone deacetylases (HDACs) is crit-
ical to suppress the expanded CGG repeat dependent phenotype in a fly
model of FXTAS (Todd et al., 2010). HDAC activation has been shown to
rescue the rough eye phenotype in a FXTAS Drosophila model. There-
fore, decreased expression of HDAC5 may be involved in the FXTAS phe-
notype. In addition, abnormal levels of genes involved in cell death and
survival pathways were also enriched in symptomatic patients. De-
creased expression of Bcl-X, a potent inhibitor of cell death, and DNA
fragmentation factor subunit alpha (DFFA), an inhibitor of DNA frag-
mentation, together with the upregulation of apoptosis related

Fig. 4. Expression of selective genes linked to FMR1 5’-UTR CGG-expansion and expression levels in differentiated SH-SY5Y neuronal cells. (A) qPCR measurements of the expression pat-
tern of SERPINA3, TAP1, CACYBP, ICAM1 and ISG15 for which the array showed significant deregulation when comparing V79 or V79_8x vs. V21 expressing cells. (B) Relative quantification
of V21 and V21_6x expression using two independent sets of primers, covering GFP (upper panel) or FMR1-IRES (lower panel) fragments. (C) qPCR analysis of SERPINA3, TAP1, ICAM1 and
ISG15 in SH5Y-SY cells expressing theV21_6x. Plots show distribution and mean RQ + SE. Expression levels are referred to a control mock transfected cell (A) or V21 transfected cell (B-C)
for RQ and in all cases quantification was normalized using two different reference genes. by (**P < 0.01; ***P < 0.001; ¢+P < 0.01; #**P < 0.001; using a linear mixed effects model).
Bonferroni correction was applied for multiple comparisons. Significant differences with respect to control individuals are indicated with “*” and significant differences between cells ex-

pressing V79 and V79_8x are indicated with “s”.
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cysteine peptidase 3 (CASP3), responsible for apoptosis execution,
indicates a higher predisposition in symptomatic patients for apo-
ptosis activation.

Finally, we identified EAP1 as a gene deregulated in male and female
blood samples of fragile X premutation carriers. EAP1 is an important
component in the hypothalamic control of the initiation of puberty
and maintenance of female reproductive cycles in rodents and in non-
human primates (Dissen et al., 2012; Heger et al., 2007). Female carriers
are at a risk for fragile X associated premature ovarian failure (POF1)
(Allingham-Hawkins et al., 1999), which is characterized by meno-
pause symptomatology. Studies show that 20% of female carriers
will present FXPOI before 40 years of age and 30% before 45 years
of age (Jacquemont et al., 2007). Thus, decreased expression of
EAP1 in female carriers could contribute to the appearance of POF1.

In summary, the present study elucidates gene expression profiles in
blood samples of symptomatic patients that, at least partially, overlap
with differentially expressed genes in brain and fibroblast samples of
FXTAS patients.

The study of differentially expressed genes in human blood samples
showed a highly overlapping deregulation pattern in the brain stem,
motor cortex and striatum of a FXTAS mouse model. The prefrontal cor-
tex and the brain stem displayed upregulation of genes involved in the
response to cellular stress, including APP, ATXN3 and SOD1. Moreover,
four different brain regions showed decreased expression of the histone
modifiers ATXN7 and HDAC5, coinciding both in motor cortex and stria-
tum as well as RNF10 in the motor cortex, striatum and brain stem. We
also detected decreased expression of KCNC3 in four out of six brain
areas. Knock-out mice for KCNC3 display motor deficits such as tremor
and severe ataxia (Espinosa et al., 2001), similar to what is observed
in FXTAS patients. All together, these results suggest that gene expres-
sion profiling in blood partially reflects changes in the brain tran-
scriptome which underlie neuropathological aspects in FXTAS.

We identified characteristic gene expression profiles for asymptom-
atic patients and symptomatic patients in peripheral blood of fragile X
premutation carriers. A previous report (Napoli et al., 2011) and our
own data suggest that FMR1 expression levels contribute to the clinical
manifestation of FXTAS. The expression profiles in a neuronal cell model
indicated that mutant FMR1 levels are relevant for the deregulation of
genes involved in cell death and survival pathways, the inflammatory
response as well as nervous system development and function. We
therefore propose that transcriptional changes driven by different levels
of FMR1 premutation may contribute to clinical/phenotypic differences
between FXTAS patients.

Changes in gene expression can also be the consequence of varia-
tions in miRNA profiles, activity or concentration. Alteration in the
miRNA processing machinery has been reported recently in FXTAS
(Sellier et al., 2013), leading to a decreased expression of many miRNAs.
In agreement with this, IPA upstream regulator analysis predicts a de-
creased activity of 31 of 32 miRNAs. Of these, four are downregulated
in the blood of FXTAS patients (Alvarez-Mora et al., 2013). One of the in-
teresting candidates is miR-221-3p/miR-221 (Z score = —2.56 and
overlap p-value = 4.53e —2), which has an important role in neuronal
differentiation and participates in neuronal apoptosis and the inflam-
mation processes (Harder and Libby, 2011; Kim and Hwang, 2011). In
our data set we found 49 up-regulated putative miR-221-3p targets, ac-
cording to Targetscan predictions and increased levels of two validated
miR-221-3p targets: cyclin-dependent kinase inhibitor 1B (CDKN1B or
p27€1) and Bcl-2-modifying factor (BMF). Interestingly, miR-221-3p
targets the 3’-UTR of FMR1 mRNA modulating its expression (Zongaro
et al,, 2013). Thus, decreased levels of miR-221-3p might contribute to
FMR1 upregulation in FXTAS patients.

Increasing evidence suggests that, by perturbing gene expression,
IncRNAs play an important role in human disease, including neurode-
generative diseases. We report a significant FXTAS-associated deregula-
tion of IncRNAs in blood samples, which may trigger downstream
deregulation of protein coding genes in fragile X premutation carriers.

We found that maternally expressed 3 (MEG3) and taurine upregulated
gene 1 (TUGT) are deregulated in our data-set. Both IncRNA are known
to associate with polycomb repressive complex 2 (PRC2), acting as epi-
genetic enhancers or repressors in cis- or in trans-, respectively (Khalil
et al., 2009; Mondal et al., 2010). Another IncRNA deregulated in our
data-set is Nuclear Enriched Abundant Transcript 1 (NEAT1), which is
essential for the formation and maintenance of paraspeckles (Clemson
et al,, 2009), an irregular shaped compartment found in the nucleus'
interchromatin space (Fox et al., 2002) and which is involved in the reg-
ulation of gene expression (Prasanth et al., 2005). Interestingly, TUGI,
MEG3 and NEAT1 are similarly deregulated in Huntington's disease
(Johnson, 2012; Khalil et al., 2009), which suggests a common involve-
ment in CNS dysfunction.

Conclusions

In summary, we have shown here a large number of genes with ab-
normal expression in fragile X premutation carriers. In blood, the main
affected functional pathways overlap with previous findings in the
brain and primary fibroblasts of carriers, suggesting that blood RNA pro-
filing reflects FXTAS pathogenic alterations. Specifically, we have identi-
fied several genes whose expression deregulation likely contributes to
FXTAS and/or POF1, including EAP1, HDAC5 and KCNC3. Moreover, we
provide new evidences for a role of expanded 5’-UTR FMR1 expression
levels in transcriptome modulation. Longitudinal studies in fragile X
premutation carriers addressing the relationship between the dynamic
changes in the expression of selective genes (specially FMR1) and the
clinical evolution may shed light onto the pathogenic mechanisms and
further target molecules with therapeutic potential.
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