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RESUMEN






Introduccion

1. — Dinamica mitocondrial.

Las mitocondrias son organulos celulares encargados de suministrar la mayor parte de
la energia necesaria para la actividad celular. Las mitocondrias son muchas veces
consideradas como pequefias centrales eléctricas en las que se produce la sintesis de ATP,
mediante un proceso de fosforilacion oxidativa, en el que se consume O, y se libera CO,
(Han et al., 2010). Pero en las mitocondrias también se realizan otras muchas funciones
como la homeostasis del calcio a nivel intracelular (Rizzuto, 2001) o la regulacion de la
apoptosis (Kroemer et al., 1998).

Aunque las mitocondrias son organulos criticos para todas las células, las neuronas son
extremadamente dependientes de la correcta funcién mitocondrial (Han et al., 2010;
Nicholls and Budd, 2000). Las neuronas son células altamente especializadas con largos
procesos como los axones y las dendritas. Estos procesos neuronales son muy activos en
la transmision de la sefial intercelular mediante la liberacién de neurotransmisores desde
la sinapsis, proceso que requiera de grandes cantidades de energia (Chen and Chan,
2006). Por ello, la habilidad de las mitocondrias para fusionarse, dividirse y migrar para
proporcionar energia a través de los procesos neuronales, es particularmente importante
para la funcién sindptica (MacAskill et al., 2010). Ademéas de una fuente de energia, las
mitocondrias también juegan un papel critico en la plasticidad sindptica a través del
mantenimiento de la homeostasis del calcio (Li et al., 2004).

La mitocondria es una organela altamente dindmica. Su forma esta controlada por fusion
y fision, su estructura interna cambia en funcidén de su estado fisiologico, y participa en
interacciones reciprocas con otras organelas (Chen and Chan, 2004; Chen and Chan,
2009).

Las mitocondrias, como otras organelas, son transportadas por microtibulos y
microfilamentos de actina (Sheng and Cai, 2012). El transporte mitocondrial esté
altamente regulado, entregando mitocondrias a regiones activas de la célula,
particularmente importante en neuronas metabdlicamente activas. El transporte

mitocondrial depende de la unidon y separacion de motores del citoesqueleto.



Movimientos de corto alcance en microfilamentos de actina requieren motores de
miosina, mientras que movimientos de largo alcance en microtubulos requieren kinesinas
o dineina (Cai and Sheng, 2009).

Miembros de la familia de ATPasas kinesina-1, como KIF5 y KIF1, son responsables del
transporte anterogrado rapido de las mitocondrias (Hirokawa and Takemura, 2004). Dos
proteinas cargo adaptadoras, Miro y Milton, estdn involucradas en el enlace de la
mitocondria con KIF5 en neuronas (Brickley et al., 2005; Gorska-Andrzejak et al., 2003;
Stowers et al., 2002). Miro (mitocondrial rho) es una GTPasa de la familia Rho que esta
anclada a la membrana mitocondrial externa (Fransson et al., 2006). Miro se une a una
proteina adaptadora especifica mitocondrial llamada Milton (Trak en mamiferos), que
estad asociada a la cadena pesada KIF5 (MacAskill et al., 2009a). Miro es una proteina
ligadora de calcio que puede actuar como un sensor de la concentracion local de Ca®': en
su estado libre de Ca2+, Miro se une a Milton, mientras que en su estado ligado a Ca2+, no
puede unirse a Milton, resultando en el desacoplamiento de la mitocondria de los
microtibulos (MacAskill and Kittler, 2010; Wang and Schwarz, 2009).

La fusion y fision de la mitocondria controlan el largo, forma, tamafio y nimero de las
mitocondrias; estos procesos mantienen la forma y propiedades funcionales generales de
la poblacion de mitocondrias (Han et al., 2011).

La fusion mitocondrial permite el intercambio de contenidos entre las mitocondrias,
permitiendo a las mitocondrias defectivas recobrar componentes de la cadena respiratoria,
ADN mitocondrial, y otras moléculas esenciales en el marco del estrés celular (Hoppins
and Nunnari, 2009; Sheng and Cai, 2012). La fusiéon mitocondrial estd regulada por
diferentes tipos guanosin trifosfato GTPasas. Entre ellas cabe destacar las Mitofusinas
(Mfnl y Mfn2), presentes en la membrana externa de la mitocondria donde forman
complejos homo-oligoméricos y hetero-oligoméricos en trans entre mitocondrias
cercanas (Chen et al., 2003) y OPA1l (dynamin- related protein atrofia dptica 1),
localizada en el espacio intermembrana adhiriendo a la membrana mitocondrial interna,
esencial para la fusioén de las membranas mitocondriales internas (Cipolat et al., 2004).

La fision de las mitocondrias en mamiferos requiere del reclutamiento de DRPI1
(dynamin-related protein 1) desde el citosol (Huang et al., 2011). DRP1 se ensambla en

depresiones puntiformes en la mitocondria y forma anillos y espirales que rodean y



comprimen el tubulo mitocondrial (Ford et al.; Fukushima et al., 2001; Mears et al., 2011;
Yoon and McNiven, 2001). El reclutamiento de DRP1 a los sitios de fisién involucra a la
proteina adaptadora FIS1, anclada a la membrana mitocondrial externa y modula el
ensamblaje del aparato de fision (Huang et al., 2011).

La importancia de todos los procesos que regulan la dindmica mitocondrial ha sido
descrita tanto en procesos fisioldgicos de desarrollo y envejecimiento como en
condiciones patoldgicos de una gran variedad de enfermedades como Alzheimer (AD),
Parkinson (PD), la enfermedad de Huntington (HD), Charcot-Marie-Tooth (CMT) o
Atrofia optica dominante (DOA) (Chan, 2006; Cho et al., 2010; Han et al., 2010).

2. — La familia de genes Armcx

Los genes Armcx (Armcx1-6, Gpraspl-2 y bhlhb9) pertenecen a una misma familia
localizada en cluster en la region Xq22.1-Xq22.2 del cromosoma X (Armadillo repeat
containing X-linked). Esta familia estd caracterizada por la posesiéon de dominios
armadillo en su secuencia proteica (Winter and Ponting, 2005). Proteinas con estos
dominios se han implicado en procesos de tumorigénesis, desarrollo embrionario o
mantenimiento de la integridad tisular (Hatzfeld, 1999). El cluster de genes Armcx se
origind por la retrotransposicién de un Unico gen que contiene dominios armadillo
(Armc10) exclusivo de y presente en todos los vertebrados, y por subsiguientes
duplicaciones en tandem de corto alcance de una region de evolucion rapida en el
cromosoma X de euterios (Lopez-Domenech et al., 2012).

Los genes Armcx presentan un patron de expresion casi ubicuo (Kurochkin et al., 2001;
Simonin et al., 2004).Sin embargo, es en el cerebro donde se encuentra la mayor
expresion de estos genes, lo que ha hecho sugerir que esta familia exclusivas de los
mamiferos euterios pueda estar implicadas en la adaptacion evolutiva del neocortex, una
region del cerebro anterior exclusiva de los mamiferos (Winter and Ponting, 2005).

Poco se conoce acerca de la funcidon que los genes Armcx desempeiian. Sin embargo su
elevada expresion en el sistema nervioso central, su participacidn en procesos de
desarrollo embrionario y su posible implicacion en tumorigénesis y enfermedades

neurodegenerativas, los convierten en buenos candidatos para realizar un estudio en



profundidad acerca de los mecanismos bioquimicos y bioldgicos en los que pueden estar
implicados.

Alex3 se encontr6 localizar en diferentes compartimentos celulares, mayoritariamente a
nicleo y mitocondria (Lopez-Domenech et al., 2012). La sobreexpresion de Alex3
provoca la agregacion y/o tethering mitocondrial tanto en neuronas como células, dando
lugar a la formacion de un claster en la zona perinuclear (Lopez-Domenech et al., 2012).
La localizacion en mitocondrias de Alex3 (Mou et al., 2009) y la posesion de dominios
armadillo similares a los de la proteina B-catenina, hacen de esta proteina un candidato
para estar regulando procesos en la biologia mitocondrial donde la vias de sefializacion de

Wnt/B-catenina puede estar implicada.

3.—La via de sefializacion de Wnt en desarrollo de la médula espinal

Las proteinas Wnt, representan una gran familia de proteinas secretables, constituida por
19 miembros identificados actualmente en humanos, y que se encuentran altamente
conservadas a lo largo de la evolucion (Nusse, 2001; Prud'homme et al., 2002). Esta
familia de proteinas, estd ampliamente descrita por estar implicada en vias de
sefializacion que juegan un papel fundamental en una gran variedad de procesos que
incluyen: patréon celular, proliferacion, diferenciacion, orientacion, adhesion,
supervivencia y apoptosis (Chong and Maiese, 2004; Li et al., 2006; Nelson and Nusse,
2004; Nusse, 2005; Nusse and Varmus, 1982; Patapoutian and Reichardt, 2000; Smalley
and Dale, 1999; van Amerongen and Nusse, 2009; Wodarz and Nusse, 1998).

La via candnica de sefializacion por Wnt implica la activacion de receptores Frizzled, la
estabilizacion de la B-catenina citoplasmatica cuya degradacion es inhibida, su
translocacion al nucleo y su union a cofactores TCF/LEF para actuar como factor de
transcripcion. La via de sefializacion por Wnt puede actuar sobre células vecinas como
seflales de corto alcance pero también como morfégenos, induciendo diferentes
respuestas sobre células situadas lejos de la fuente de produccion en funcidén de la
concentracion (Lander, 2007). La via de Wnt juega un papel importante para regular
muchos aspectos del desarrollo del sistema nervioso (Ciani and Salinas, 2005; Freese et

al., 2010; Ille and Sommer, 2005; Salinas and Zou, 2008). Entre ellos, la via de



sefializacion por Wnts actia de forma clave durante el desarrollo de la médula espinal.
Debido a su bien conocida estructura anatomica y a la sencilla tratabilidad experimental,
la médula espinal ha sido extensivamente usada como modelo experimental para conocer
los mecanismos de accién de los morfogenos.

Muchas proteinas Wnt estan expresadas en el tubo neural en desarrollo (Hollyday et al.,
1995; Parr et al., 1993). Entre ellos encontramos Wntl y Wnt3a, que se expresan ambos
en regiones dorsales del tubo neural, actuando en conjunto con otras proteinas de
sefializacién, como Shh, BMPs y FGFs.

La actividad de estas proteinas de sefializacidon regula la expresion de genes de patron
como Pax6, Pax7, Olig2, o Nkx2.2. El perfil de expresion de estos factores de
transcripcion determina, para cada precursor, la especificacion en los distintos tipos de
neuronas que se originan a lo largo del eje dorsoventral (Ulloa and Briscoe, 2007; Ulloa
and Marti, 2010). Por ejemplo, los ligandos Wntl y Wnt3a son necesarios para la
formacion de las poblaciones més dorsales del tubo neural (Muroyama et al., 2002). Asi,
embriones de raton mutantes para Wntl y Wnt3a presentan una pérdida o disminucion de
las tipos celulares caracteristicos del tubo neural dorsal (Muroyama et al., 2002).
Paralelamente a la especificacion de los diferentes subtipos neuronales, los progenitores
proliferan en la zona ventricular del tubo neural para generar el nimero adecuado de
neuronas de cada subtipo. Numero y tamafio celular estan controlados por vias de
sefializacidn a los componentes de la maquinaria del ciclo celular (Murray, 2004).

El gradiente dorsoventral de Wnts ha sido propuesto como organizador del crecimiento
de los progenitores neurales (Megason and McMahon, 2002), siendo capaz, a nivel
molecular, de regular la expresion de ciertos moduladores necesarios para la transicion
G1/S del ciclo celular como CiclinaD1 o N-myc (Megason and McMahon, 2002).
Consistente con esto, la expresion de B-catenina constitutivamente activa, en embriones
de raton o de pollo, incrementa la proliferacion y disminuye la diferenciacioén, en
contraste con la sobreexpresion de un dominante negativo para Tcf-4 o con la deficiencia
de B-catenina (Ille et al., 2007; Megason and McMahon, 2002; Zechner et al., 2003).

El sistema modelo del pollo es un sistema clasico dentro la biologia del desarrollo, que
permite de realizar experimentos de ganancia y pérdida de funcidén de forma sencilla. El

tubo neural representa posiblemente la parte del embrion donde la técnica de



electroporacion in ovo es mas eficiente, permitiendo de generar embriones mosaico

(Krull, 2004).

Objectivos

El objetivo de esta Tesis Doctoral es el de caracterizar el papel funcional de las proteinas
Alex3 y Armc10 en la dindmica mitocondrial y en el desarrollo neural. La sucesion de
resultados obtenidos durante la elaboracion de la tesis se ha traducido en la concrecion de
los siguientes objetivos parciales:

1. Analisis de la funcién de la proteina Alex3 en la biologia y dindmica mitocondrial

2. Andlisis de la funcién de la proteina Armc10, ancestro del cluster Armcx, en la biologia
y dindmica mitocondrial

3. Analisis de la funcion de las proteinas Alex3 y Armc10 en desarrollo neural a través de

un modelo fisioldgico in vivo: la medula espinal de pollo.

Resultados

1. La proteina mitocondrial Alex3 regula el trafico mitocondrial en neuronas y

interacciona con el complejo Miro/Trak2 y Mitofusinas.

1.1 Patron de expresion de los transcriptos Armcx y expresion neuronal de la

proteina Alex3

Al analizar la expresion de los genes Armcx durante el desarrollo embrionario,
encontramos que, en estadios embrionarios, Armcl0 y los genes Armcx3-6 estan
altamente expresados en los tejidos neurales en desarrollo, en los derivados de la cresta
neural y en las extremidades, asi como en otros tejidos que eran especificos de cada gen.

Estudios en cortes de cerebro desde E16 hasta Adulto para la proteina Alex3 muestran
una elevada expresion de Alex3 en varias regiones del cerebro, siendo especialmente
relevante en estructuras laminadas como el cértex cerebral, hipocampo, bulbo olfativo y

la capa de células Purkinje y granulares del cerebelo. La expresion de la proteina de
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Alex3 disminuye a medida que progresa el desarrollo, manteniéndose significativa en
estas estructuras. El estudio detallado de la inmunohistoquimica mostr6 una localizacion
intracelular diferencial de la proteina Alex3 en diferentes regiones del cerebro, en nucleo

o en el citoplasma dependiendo del estadio y del tipo celular.

1.2 Alex3 interactia con las proteinas Mitofusinal/2 sin alterar fusion mitocondrial

La dindmica mitocondrial es un complejo proceso que implica agregacion, trafico, y
eventos de fusidn y fision. Para testar si Alex3 esta involucrado en fusiéon mitocondrial,
llevamos a cabo ensayos de co-inmunoprecipitacion en células HEK293AD transfectadas
con los cDNAs de Alex3-GFP y o Mitofusinal-myc o Mitofusina2-myc, responsables de
la fusion mitocondrial. Encontramos que Alex3 interactia con las dos Mitofusinas.

Para directamente probar si Alex3 regula la fusién mitocondrial, tomamos ventaja de la
version fotoactivable mito-PAGFP (Karbowski et al., 2004). Células HEK293T
transfectadas con mito-PAGFP fueron fotoactivadas y videos grabados a lo largo de 15
minutos, y los ratios de fusion mitocondrial a lo largo del tiempo fueron analizados. De
acuerdo con estudios previos (Gomes et al., 2011; Karbowski et al., 2004; Saotome et al.,
2008), los resultados muestran un constante incremento en los eventos de fusion a lo
largo del tiempo. Los ratios y dinamicas de estos eventos en células HEK293T co-
transfectadas con mito-PAGFP y Alex3 fueron idénticas a las de células HEK293T
control. Experimentos similares en neuronas hipocampales, sobreexpresando Alex3 o una
secuencia shRNA, dieron resultados similares, sugiriendo que los niveles de proteina

Alex3 no alteran la fusidn mitocondrial ni en células HEK293T ni en neuronas.

1.3 Los niveles de proteina de Alex3 regulan el trafico mitocondrial en neuronas

La regulacion del trafico y dindmica mitocondrial se piensa ser esencial para suplir
apropiadamente de energia a las ramas neuronales mas distales, y consecuentemente para
la correcta neurotransmision y viabilidad neuronal. Para averiguar si Alex3 estd
implicado en el transporte mitocondrial en axones, usamos técnicas de live-imaging.

Cultivos de neuronas hipocampales fueron transfectados a 4 dias in vitro (DIV) con
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MitDsRed o Alex3-GFP. Después de 2 dias, los axones de neuronas vivas fueron
identificados y grabados a lo largo de 15 minutos. La motilidad mitocondrial fue
cuantitativamente evaluada por medio de kimografias, y la comparacion de la motilidad
mitocondrial en neuronas control y transfectadas con Alex3-GFP reveld que la
sobreexpresion de esta proteina resultaba en una reduccién dramatica en el porcentaje de
las mitocondrias moviles, en ambos sentidos, anterogrado y retrégrado. Ademas, la
velocidad y la distancia media cubierta por cada mitocondria también se mostraron
alteradas en las neuronas sobreexpresantes de Alex3-GFP. Los experimentos arriba
mencionados apuntan a una implicaciéon de Alex3 en la dindmica y trafico mitocondrial.
Para confirmar esta nocion, realizamos experimentos para silenciar la proteina endogena
de Alex3. Neuronas hipocampales fueron transfectadas con vectores pLVTHM
expresantes de la secuencia shRNAi-Alex3, o una secuencia scrambled control.
Posteriormente la motilidad mitocondrial fue cuantitativamente evaluada como arriba.
Las neuronas expresantes de Alex3-shRNAi exhibian una motilidad mitocondrial
reducida y mitocondrias més pequefias que las neuronas control. Nuevamente, esta
disminucidén era para el transporte anterégrado y retrogrado. Sin embargo, ni la velocidad
ni la distancia cubierta por los movimientos de mitocondrias individuales estaba alterada
por el silenciamiento de Alex3 enddgena. En conjunto, estos experimentos muestran que
los niveles de expresion de Alex3 regulan la motilidad media de las mitocondrias en los
axones en neuronas vivas y modulan la velocidad y la distancia cubiertas por estas

organelas.

1.4 Alex3 interacciona con las proteinas Miro1/2 y Trak2

El trafico mitocondrial en neuronas estd mediado por los motores kinesina (KIF5)
(Hirokawa and Takemura, 2004). Recientemente ha sido encontrado que las Rho
GTPasas Mirol y Miro2, asi como el adaptador de kinesina Trak2, unen las mitocondrias
a los motores KIF5, permitiendo el transporte mitocondrial en neuronas (Guo et al., 2005;
MacAskill et al., 2009a). A continuacion, estudiamos si Alex3 formaba parte del
complejo de trafico KIF5/Miro/Trak2. Primero, llevamos a cabo analisis de

inmunofluorescencia en células HEK293AD transfectadas. Estas células mostraban una
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fuerte colocalizacién de Alex3 con Mirol, Miro2 y Trak2 mientras que aparentemente no
se detectaba colocalizacion con KIF5C. A continuacion, realizamos ensayos de co-
inmunoprecipitacion en células HEK293AD transfectadas con los cDNAs de Alex3-GFP
y 0 Mirol-myc o Miro2-myc. Mirol y Miro2 con el epitopo myc fueron detectados por
WB en lisados inmunoprecipitando con anticuerpos anti-GFP. A la inversa,
inmunoprecipitaciones con el anticuerpo anti-myc (Mirol-2) revelaron la presencia de la
proteina Alex3-GFP. No hubo co-inmunoprecipitacion cuando las células fueron
transfectadas con el cDNA de Mirol/2-myc o Alex3-GFP solos. Experimentos similares
mostraron que Alex3-GFP co-inmunoprecipitaba con la proteina Trak2-myc in células
transfectadas. En contraste, no detectamos co-inmunoprecipitaciéon de Alex3-GFP con
KIF5C-myc o con KIF5-A o KIF5-B. Estos datos indican que Alex3 interacciona
directamente con las proteinas Mirol-2/Trak2, por lo tanto sugiriendo que esta proteina
esta implicada en el complejo de trafico de KIF5/Miro/Trak2.

Para determinar si los seis dominios similares a armadillo eran requeridos para la
interaccion con estas proteinas, generamos un constructo N-terminal (1-106) sin estos 6
dominios armadillo. Experimentos de co-inmunoprecipitaciéon en células HEK293T
transfectadas mostraron que este mutante de la proteina Alex3 no co-inmunoprecipitaba
con las proteinas Trak2 o Miro2, por lo tanto indicando que la region C-terminal que
contiene los dominios armadillo es requerida para esta interaccion.

Estudios recientes han mostrado evidencias que el complejo Miro/Trak2 interacciona con
los motores kinesinas de forma dependiente de Ca>", en el que el Ca’" se une a las
proteinas Miro y desencadena el desacoplamiento del complejo a los microtubulos,
permitiendo asi el arresto mitocondrial (Macaskill et al., 2009b; Wang and Schwarz,
2009). Testamos asi si la asociacién de Alex3 con el complejo de trafico era también
dependiente de Ca”". La presencia de 2mM Ca”" reduce de forma clara la interaccion de
Alex3 con Mirol,2 y Trak2 (Figura 25d,e). Resulta interesante que la co-transfeccidon de
Alex3-GFP con un cDNA de un mutante de Mirol-myc al que le faltan los “EF hand”,
dominios responsables para la unién de Ca*", bloquea la regulacion de la interaccion de
Mirol/Alex3 por Ca", reforzando asi la idea que la interaccion entre estas dos proteinas
es regulada por los niveles de Ca’". Para corroborar estos hallazgos, realizamos

experimentos adicionales usando proteina purificada GST-Mirol y realizamos pull-downs
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con extractos de lisados de cerebro (Macaskill et al., 2009b). Estos experimentos
confirmaron la interaccidon de las proteinas Alex3/Mirol, asi como la regulacidon de esta
interaccién por Ca™, y la dependencia de los dominios “EF hand” en la proteina Mirol
para la regulacion del complejo por Ca®". En conjunto, los datos mostrados arriba
demuestran que Alex3 pertenece al complejo de trafico mitocondrial KIF5/Miro1-2/Trak?2

y que la interaccion de Alex3/Mirol requiere bajas concentraciones de Ca®".

2. ArmclO0/SVH, gen ancestro del cluster Armcx, también regula las dinamicas

mitocondriales en neuronas y interacciona con el complejo Miro/Trak2 y Mitofusinas.

2.1 Expresion neuronal de la proteina Armc10/SVH y localizacion celular

La proteina Armcl0 posee 6 dominios armadillo, un dominio transmembrana en el
extremo N-terminal (aa 7-29), un probable lugar de cleavage (aa 30-36) y una secuencia
flanqueante con una alta basicidad en uno de los extremos de su region transmembrana
similar a las que poseen las proteinas Tom20 y Bcl-w, la cual predice una posible
localizacidn en la membrana mitocondrial externa (Rapaport, 2003).

La expresion del gen Armc10 ha sido caracterizada por estar ampliamente distribuida en
varios tejidos, incluyendo placenta, higado, rifion, corazon y cerebro En este estudio, el
patron regional y celular del inmunomarcaje de la proteina Armc10 fue estudiado en
secciones de raton adulto, resultando la proteina Armc10 ampliamente expresada en la
mayoria de las regiones especialmente en el hipocampo, corteza y cerebelo. Resulta
interesante destacar que estas marcas resultaron ser mayoritariamente nucleares, lo cual
concuerda con la presencia de putativas sefiales de exportacion nuclear (NES) (Zhou et
al., 2007).

Debido a que estudios previos habian sefialado una posible localizaciéon mitocondrial de
la proteina Armc10 (Pagliarini et al., 2008) se realizaron ensayos de inmunofluorescencia
en células HEK293T y cultivos neuronales de hipocampo, que corroboraron la
predominante localizacion mitocondrial de la proteina Armc10 endogena. En conjunto
estos datos muestran una localizacion bimodal (mitocondrial y nuclear) parecida a la de la

proteina Alex3, y también muestra amplias similitudes con las proteinas localizadas en el

14



cluster Armcx, lo que apunta a que pueda tener funciones similares en el sistema

nervioso.

2.2 Los niveles de proteina de Alex3 regulan la agregacion y el trafico mitocondrial

€n neuronas

Debido a las similitudes en los patrones de expresion y localizacidon de las proteinas
Armcl0 y Alex3, resulto interesante demostrar si la proteina Armc10, ancestro del cluster
Armcx, estaba también implicada en la regulacion de la agregacidon y transporte
mitocondrial. Para ello, hicimos uso de un vector codificante para la proteina Armc10
murina, que mostré nuevamente una localizacion mitocondrial tras trasfeccion de células
HEK?293T. También encontramos que el 88% de las células sobreexpresantes de la
proteina Armcl10 muestran fenotipos anormales, variando entre fenotipos fuertemente
agregados (29% aggregated) en los que habia un gran y unico agregado en la zona
perinuclear y fenotipos intermedios (49% altered), lo cual puede indicar un papel similar
en la regulacion de la agregacion mitocondrial en linea celular.

Para investigar si la proteina Armcl0O estd también implicada en el transporte
mitocondrial en axones, cultivos de neuronas hipocampales fueron transfectadas a 4DIV
con MitDsRed o Armc10-GFP y después de 2 dias, axones de neuronas vivas fueron
identificados y grabados a lo largo de 15 minutos y la motilidad mitocondrial cuantificada
por medio de kimografias. En los cultivos control, alrededor de un 30% de mitocondrias
presentaban movilidad a lo largo de los 15 minutos de grabacion, mientras que el resto de
mitocondrias permanecian estacionarias. Por el contrario, el transporte mitocondrial en
las neuronas transfectadas con la proteina Armcl0-GFP mostraban una disminucién
significativa del transporte mitocondrial en ambos sentidos, anterdégrado y retrégrado,
aunque a diferencia de los resultados previos observados con la proteina Alex3, ni la
velocidad ni la distancia recorrida por mitocondria resultaron afectadas.

Para confirmar la nocién de que la proteina Armcl0O también regula el trafico
mitocondrial en neuronas, se realizaron experimentos de silenciamiento de la proteina
enddgena, transfectando los cultivos neuronales con una secuencia especifica para la

region C-terminal de Armc10 y presente en todas sus isoformas o una secuencia control
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scrambled. Las neuronas expresantes del shRNAi para ArmclO eran viables y
morfolégicamente normales. Nuevamente, las neuronas silenciadas para Armcl0
presentaban una reduccién en la motilidad y trafico mitocondrial en ambos sentidos, y
nuevamente ni la velocidad ni la distancia recorrida por mitocondria se mostraron
alteradas por el silenciamiento. En conjunto, estos datos muestran que los niveles de la
proteina Armc10, al igual que los de Alex3, regulan la motilidad de las mitocondrias en

cultivos hipocampales de neuronas.

2.3 Armc10 interacciona con Miro/Trak2 y Mitofusinal/2

Finalmente, para confirmar si la regulacion del trafico mitocondrial por parte de la
proteina Armc10 es similar al producido por Alex3, investigamos la posible interaccion
del ancestro del cluster Armcx, Armc10, con el complejo KHC/Miro/Trak2, regulador del
trafico mitocondrial en neuronas. Para ello, se llevaron a cabo ensayos de co-
inmunoprecipitacion en células HEK293T transfectadas con Armc10-GFP y las proteinas
Miro2, Trak2 o KIF5C fusionadas al epitopo myc. Alex3 se detectd interaccionar con las
proteinas Miro2 y Trak2, mientras no fue posible detectar interaccion entre Alex3 y KIFS5.
En conjunto, estos datos demuestran que el ancestro del cluster Armcx, Armc10, también
interacciona con el complejo Miro/Trak2, de forma similar a la que lo hace la proteina
Alex3.

Puesto que las proteinas responsables de la fusidon mitocondrial, Mitofusinal o
Mitofusina2, interactuan con el complejo Miro2//Trak2 (Misko et al., 2010), llevamos a
cabo ensayos de co-inmunoprecipitaciéon en células HEK293AD transfectadas con los
cDNAs de Alex3-GFP y o Mitofusinal-myc o Mitofusina2-myc, encontrando que Alex3

interactia con las dos Mitofusinas.

3. Las proteinas Alex3 y Armcl0 regulan la proliferacion y la diferenciacion celular en

la médula espinal de pollo.

3.1 La sobreexpresion de la proteina Alex3 inhibe la via de sefializacion de Wnt
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La proteina Alex3 posee seis dominios armadillo, que se encuentran en
varias proteinas de la via de Wnt, entre ellas B-catenina (Lopez-Domenech et al., 2012).
Para testar un posible papel de Alex3 en la via de Wnt, usamos un sistema in vivo,
llevando a cabo ensayos funcionales de electroporacion en la médula espinal de pollo.
Para ello se realizaron ensayos de transactivacidon génica por electroporacion en los que
cotransfectamos el sistema TOP/FLASH-Luciferasa junto con diferentes combinaciones
de Alex3 y otros vectores control. Estos estudios mostraron que la expresion de Alex3
reduce sensiblemente la transcripcion dependiente de TCF, tanto la enddgena del sistema,
como la inducida por sobre-expresion de P-catenina o Wnt3a, indicando que Alex3

cumple un papel regulador por inhibicion de la via.

3.2 La sobreexpresion de las proteinas Alex3 y Armc10 no afecta el patron dorso-

ventral de l1a médula espinal de pollo

Las proteinas Wnt (en concreto Wntl y Wnt3a) actian como sefiales dorsalizantes en el
control de la expresion de marcadores de progenitores neurales, de forma que la sobre-
expresion de estos factores en el tubo neural causa la expansion de marcadores dorsales,
tal como Pax6 o Pax7, a expensas de marcadores ventrales, como Olig2 o Nkx2.2
(Alvarez-Medina et al., 2008; Machon et al., 2003). Puesto que Alex3 actia como
inhibidor de la via de Wnt, quisimos comprobar el efecto funcional de las
sobreexpresiones de las proteinas Alex3 y Armc10 sobre el patrén dorso-ventral del tubo
neural. Electroporaciones de ¢cDNA codificantes para Alex3 o Armcl0 en médula de
pollo no indujeron cambios en la distribucién de marcadores tanto dorsales cuanto
ventrales, sugiriendo que la sobre-expresion de estas proteinas no afecta el patterning en

los estadios de desarrollo analizados.

3.3 Armc10/SVH se expresa en la médula espinal de pollo y localiza en mitocondrias

Puesto que el cluster Armcx es especifico de mamiferos euterios, quisimos caracterizar

la expresion del unico ortdlogo presente en pollo: el gen Armc10/SVH, que presenta una

fuerte homologia con Armc10 de raton. A través de hibridaciones in situ de embriones en
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estadio HH19 de desarrollo, mostramos que el
gen Armc10/SVH estd expresado preferentemente en  regiones  dorsales del tubo
y débilmente en la placa del suelo; en estadios mas avanzados de desarollo (HH24),
la expresion del gen Armc10/SVH sigue detectandose en los progenitores dorsales, en la
placa del suelo y también aparece en motoneuronas ventrales. Llevando a cabo el andlisis
de inmunohistoquimica detectamos que la proteina endégena de pollo Armcl0/SVH
colocaliza con el marcador mitocondrial COXIV. Para analizar la funcion de
las proteinas de interés, electroporamos los DNAs recombinantes de Alex3, del mutante
Alex3A(1-12) (deletreado en la region N-terminal que lleva la sefial de localizacion
mitocondrial) o de Armc10, en el tubo neural de pollo. A Después de 24 horas de la
electroporacion, llevamos a cabo el andlisis de inmunohistoquimica y detectamos que
Alex3 y Armc10 colocalizan ambas con el marcador mitocondrial COXIV, mientras que

el mutante Alex3A(1-12) presenta una marca difusa en el citosol y en el nucleo.

3.4 Alex3 promueve diferenciacion neuronal

La via de sefalizacion de Wnt juega un papel importante en el mantenimiento de los
precursores neurales durante el desarrollo de la médula espinal, y Ia inhibicion de
esta via es necesaria para la diferenciacion neuronal (Chenn and Walsh, 2002; Zechner et
al., 2003). Debido a que Alex3 actia como inhibidor de la viade Wnt, quisimos
averiguar si Alex3 o ArmclO0 podrian estar implicados enla diferenciacion neural
en médula de pollo. Nuestros resultados mostraron que las células electroporadas con
Alex3 se encontraban localizadas mayoritariamente en la zona del manto y tan solo unas
pocas células se podian detectar en la region ventricular, difiriendo significativamente del
caso control y sugiriendo que Alex3 podria actuar promoviendo diferenciacidon. Este
fenotipo no se detectd en médulas electroporadas con Alex3A(1-12) o Armcl10. Para
confirmar el papel de Alex3 como promotor de diferenciacion neuronal, analizamos la
expresion del marcador de diferenciacion neuronal Tuj-1 en médulas electroporadas con
Alex3 y encontramos que la mayoria de las células electroporadas expresaban también el

marcador Tuj-1, difiriendo sensiblemente del caso control.
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3.5 Las proteinas Alex3 y Armc10 son reguladores negativos del ciclo celular

La progresion de los precursores neurales a través del ciclo celular y el equilibrio
proliferacion-diferenciacion estan regulados por la via de sefializacion de Wnt/B-catenina
y pueden ser facilmente analizadas en la médula espinal de pollo (Chenn and Walsh,
2002; Zechner et al., 2003). Tras electroporacion de los constructos expresantes Alex3,
Alex3A(1-12) o Armc10, analizamos el efecto de dicha overexpression 24 horas posterior
a la electroporacidn, sirviéndonos de anticuerpos dirigidos contra la fosfo-histona H3
(PH3, marcador de la fase M del ciclo) o la bromodesoxiuridina (BrdU, marcador de la
fase S, previamente inyectado en el tubo 40 minutos antes de la andlisis). Se encontrd
una disminucion significativa en la proliferacion en los casos de pCIGAlex3 y
pCIGArmc10, lo cual indica que tanto laproteina Alex3 full-length como

la proteina Armc10 son reguladores negativos del ciclo celular.

Discusion v Conclusiones

En este trabajo se muestra principalmente el papel de dos genes: Amcx3, miembro
del cluster Armcx en el cromosoma X, y Armcl0, ancestro del cluster que puede
presentar caracteristicas que han perdurado en los genes Armcx. Las proteinas Alex3 y
Armcl0 presentan localizacién bimodal (en mitocondria y nicleo) y aqui describimos
que estas proteinas, altamente expresados en el tejido nervioso, regulan la agregacion,
dinamica y trafico mitocondrial en neuronas y estan implicadas en eventos clave del
desarrollo de la médula espinal de pollo.

El trafico y dindmica mitocondrial son especialmente importantes en neuronas
donde el correcto posicionamiento de estas organelas se ha visto esencial para la
viabilidad neuronal y la neurotransmisidon. Datos recientes han mostrado que la dindmica
mitocondrial neuronal (transporte y fusion-fision de membranas) esta altamente
coordinado y controlado por las Kinesinas, las GTPasas Mitofusina 1-2 y Mirol-2, y la
proteina adaptadora Trak2 (Misko et al., 2010; Saotome et al., 2008; Verstreken et al.,
2005). La sobreexpresion de las proteinas Armcex3 y Armcl0 se ha visto provocar la

agregacion y/o tethering mitocondrial tanto en neuronas como células HEK293, dando
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lugar a la formacion de un claster en la zona perinuclear. Estas proteinas podrian regular
la agregacion mitocondrial por un mecanismo todavia desconocido, que es probable que
implique la interaccion con otras proteinas que controlan el tethering y agregacion,
incluyendo Mirol/2 y Mitofusinal/2 (Santel et al., 2003), con las cuales demostramos
una interaccion directa mediante ensayos de inmunoprecipitacion. Aunque Alex3
favorece la aproximacion y tethering mitocondrial y este proceso deberia facilitar la
fusién (Hoppins and Nunnari, 2009), nosotros fuimos incapaces de encontrar evidencias
de una implicacion de la proteina Alex3 en la fusidn mitocondrial; es posible que se
requiera alguna sefial para la correcta fusion de las membranas, posiblemente a través de
la activacion de las mitofusinas. Es por ello, que no nos es posible descartar una posible
implicacidon de Alex3 en los procesos de fusidn/fision aunque sea de manera indirecta.

En neuronas, se cree que la agregacion y tethering mitocondrial sirve para anclar estas
organelas en localizaciones especificas que requieren una alta demanda de energia y unos
requerimientos de tamponamiento de Ca®" (Chang and Reynolds, 2006; MacAskill and
Kittler, 2010). El fenotipo observado por la sobreexpresion de las proteinas Alex3 y
Armcl10 es similar al observado después de una disfunciéon de las proteinas reguladores
del trafico y la dinamica de estas organelas, tales como Miro, Mfn, Pink1 o Trak2, lo cual
sugiere que la alteracion de los procesos de dindmica mitocondrial darian lugar a
agregacion (Huang et al., 2007; Liu and Hajnoczky, 2009; MacAskill and Kittler, 2010;
Weihofen et al., 2009). Alex3 y Armc10, codifican para unas proteinas que interaccionan
con el complejo KIF5/Miro/Trak2, que controla la dindmica mitocondrial en neuronas de
forma dependiente de Ca®". Nuestros experimentos de inmunoprecipitacién muestran que
tanto Alex3 como Armcl0 interaccionan directamente con las GTPasas Miro y con el
adaptador de kinesina Trak2. Sin embargo, fuimos incapaces de encontrar una interaccion
directa con el motor de kinesina KIF5. Esta Resulta importante que, la interaccion de
Alex3 (y posiblemente de Armcl0) con las proteinas Miro/Trak2, requiere bajas
concentraciones de Ca’’, ya que la presencia de Ca’" disminuye dramaticamente la
interaccion. Ademads, la mutacién en el dominio EF-hand (sensor de calcio) de la proteina
Mirol anula esta dependencia de Ca®’, indicando por lo tanto que los cambios
conformacionales producidos por el Ca®" en las proteinas Miro (Macaskill et al., 2009b;

Nelson and Chazin, 1998; Wang and Schwarz, 2009) son mecanismos esenciales que
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regulan la interaccion entre Alex3 y el complejo Miro/Trak2. Asi, mientras que bajas
concentraciones de Ca’" pueden favorecen la formacion de los complejos
KIF5/Miro/Trak2/Alex3, los incrementos en el Ca*" intracelular rapidamente desacoplan
tales complejos (incluyendo a Alex3), por lo tanto deteniendo el trafico mitocondrial.
La nocién que Alex3 (y posiblemente Armc10) interacciona con el complejo Miro/Trak2
(e indirectamente con KIF5) cuando las mitocondrias son mdviles a bajas
concentraciones de Ca*" (Macaskill et al., 2009b; Wang and Schwarz, 2009) es reforzada
por nuestros hallazgos del silenciamiento de Alex3 y Armc10 enddgeno en neuronas, que
da lugar a una marcada disminucion en los porcentajes de las mitocondrias moviles,
similarmente a lo que ha sido observado en las perdidas de funcion de Miro/Trak2
(Brickley and Stephenson, 2011; Macaskill et al., 2009b; Saotome et al., 2008). La
observacion que el silenciamiento de Alex3 y Armcl0 no afectan a la velocidad de las
pocas mitocondrias moviles presentes sugiere un mecanismo en las proteinas
Armcx/Armc10 favorecerian la formacion de los complejos KIFS5/Miro/Trak2 (y por lo
tanto aumentando el tradfico mitocondrial). Sin embargo, estas proteinas estan
improbablemente implicadas en la regulacion de la actividad motora de la kinesina por
ella misma. Nosotros consideramos nuestros hallazgos en la sobreexpresion de Alex3, en
las que ambas, el porcentaje y la velocidad de las mitocondrias moviles fueron reducidas,
proveen mayores evidencias de la implicacidn fisioldgica de esta proteina en el trafico
mitocondrial, posiblemente al desregular o reclutando componentes del complejo
(actuando como un dominante negativo). En conjunto con nuestros datos bioquimicos, los
presentes estudios funcionales proponen un modelo en el que las proteinas Alex3 y
Armc10 son reguladores positivos del trafico mitocondrial, interaccionando directamente
con los complejos Miro/Trak2. Ademds, como se muestra para el complejo
KIF5/Miro/Trak2 (Macaskill et al., 2009b; Wang and Schwarz, 2009), el incremento de la
actividad neuronal que conlleva a incrementos en Ca®" es probablemente la causa del
desensamblaje del complejo y del arresto mitocondrial en los lugares de neurotransmision
activa, completando por lo tanto los requerimientos bioenergéticos de la transmision
neuronal.

Debido al control transcripcional (Mou et al., 2009; Zhou et al., 2007) y la

presencia de 6 dominios similares a armadillo, los genes Armcx/Armcl0 pueden
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funcionalmente interaccionar con la via de Wnt/B-catenina. Las proteinas Wnt han sido
involucradas en multitud de procesos del desarrollo de varios tejidos. Entre ellos la via de
sefializacion por Wnts actua de forma clave durante el desarrollo de la médula espinal.
Debido a su bien conocida estructura anatomica y a la sencilla tratabilidad experimental,
la médula espinal ha sido extensivamente usada como modelo experimental para conocer
los mecanismos de accion de los morfégenos. Las proteinas Wntl y Wnt3a estan
expresadas en regiones dorsales del tubo neural, actuando en conjunto con otras proteinas
de sefializacién (como Shh, BMPs y FGFs) regulando procesos de patterning,
proliferacion y diferenciacion durante el desarrollo (Alvarez-Medina et al., 2008; Le
Dreau and Marti, 2012; Megason and McMahon, 2002).

Puesto que el cluster Armcx es especifico de mamiferos euterios, quisimos caracterizar
la expresion del unico ortdlogo presente en pollo: el gen Armcl0O/SVH, que
encontramos expresado preferentemente en regiones dorsales del tubo, en la placa del
suelo y en motoneuronas ventrales. Para averiguar si Alex3 puede estar actuando en la via
de Wnt/B-catenina, realizamos ensayos de luciferasa, electroporando en medulas de pollo
un constructo expresante Alex3. Nuestros resultados demuestran que la sobreexpresion de
Alex3 reduce sensiblemente la transcripcion dependiente de TCF, tanto la endogena del
sistema, como la inducida por sobre-expresion de B-catenina o Wnt3a, en médula de
pollo. Esto indica que Alex3 cumple un papel regulador por inhibicion de la via de
Wnt/B-catenina. A este efecto no se corresponde una del patterning dorsoventral en los
estadios de desarrollo analizados.

Otro aspecto importante del desarrollo del tubo neural es la orquestacion muy coordinada
del balance entre proliferacion y diferenciacion de los progenitores, donde la sefializacién
de Wnt/B-catenina juega un papel crucial, manteniendo los precursores
neuronales proliferando (Chenn and Walsh, 2002; Zechner et al., 2003).

En este estudio se encontrd que en médulas de pollo electroporadas con Alex3, las células
electroporadas (GFP") se encontraban principalmente en la regiéon del manto del tubo
neural, lo que sugiere que Alex3 pueda promover diferenciacion neuronal. Por otra parte,
se encontrd que en médulas de pollo electroporadas con Alex3, la mayoria de las células
electroporadas eran Tuj-1 positivas, produciendo un aumento significativo en el

porcentaje de células Tuj-1"/GFP™ con respecto a los embriones de control. Este
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dato confirmé que Alex3 actia promoviendo la diferenciacion, coherentemente con su
papel de inhibidor de la via Wnt/B-catenina. Es importante destacar que esta funcién es
especifica para Alex3 y no se encontrd para la proteina Armcl0, proporcionando una
divergencia funcional en el contexto del desarrollo de la médula espinal. Otro dato
interesante es que el efecto de la sobreexpresion Alex3 en la promocion de la
diferenciacion neuronal requiere la localizacion mitocondrial de Alex3. Este dato lleva a
especular que Alex3 podria retener a mitocondria algin factor nuclear necesario para la
activacion TCF/LEF, conduciendo a la inhibicién de la via de sefializacion Wnt/B-
catenina y por lo tanto promoviendo la diferenciacién neuronal. Un mecanismo similar
fue descrito por Mou et al.,, que sugirieron una cascada de sefializacion entre la
mitocondria y el nucleo a través del complejo Sox10/Alex3. Este grupo propuso que
Alex3 modula la actividad transcripcional de Sox10 reteniéndolo a las mitocondrias,
donde Sox2 podria someterse a modificaciones post traduccionales que pueden resultar
en un aumento de la actividad transcripcional, una vez transportado en el niacleo (Mou et
al., 2009).

Otro resultado importante de nuestro estudio indica que tanto Alex3 que Armcl0 son
reguladores negativos del ciclo celular, y que la localizacion mitocondrial de Alex3 se
requiere para llevar a cabo esta funcion. Este efecto podria actuarse mediante la
promocion de una salida temprana del ciclo celular, afectando la la duracion del ciclo
celular, o alterando el equilibrio entre las 3 modalidades de division de los precursores
neuronales (PP, PN, NN).

En conjunto, nuestros datos sugieren que Alex3 estd involucrado tanto en la regulacidon
negativa del ciclo celular (posiblemente promoviendo la salida del ciclo celular) que en la
induccion de la diferenciacién de precursores neuronales; esta doble accidn se refleja en
la distribucion lateral de las células que sobreexpresan Alex3 en la zona del manto.

Por otro lado, Armc10 sdlo estd implicada en la regulacion negativa del ciclo celular
(posiblemente so6lo afectando la duracién del ciclo celular). Estas diferencias entre los
efectos de la sobreexpresion de Alex3 y Armcl10 en procesos llave del desarrollo de la
médula espinal, evidencian las divergencias funcionales entre las dos proteinas,
sugiriendo que Alex3 puede haber adquirido funciones adicionales respecto a Armcl0,

ancestro filogenético del cluster Armcex.
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Los datos reportados en este estudio, que describen los efectos de la sobreexpresion de
Alex3 sobre el desarrollo de la médula espinal, son coherentes con el papel de Alex3
como inhibidor de la via Wnt/B-catenina. Sin embargo, no hay pruebas suficientes para
sostener que estos efectos sobre el ciclo celular de los progenitoras y la diferenciacion
neuronal se logran mediante la inhibicién de la via Wnt/B-catenina y otros experimentos
son necesarios para apoyar esta hipdtesis.

A falta de desarrollar un mecanismo molecular que describa en detalle la participacion de
Alex3 en respuesta a los morfogenos Wnt, nuestros datos sugieren que la via de
sefializacion de Wnt puede estar regulando procesos llave del desarrollo a través de

las proteinas mitocondriales Alex3 y Armc10.
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INTRODUCTION






1.- Mitochondrial Dynamics

1.1 - Introduction: Mitochondrial Dynamics

Mitochondria are large organelles whose main role in eukaryotic cells is ATP production,
cytosolic calcium buffering and regulation of apoptosis. They consist of an outer
membrane and a densely folded inner membrane (MacAskill and Kittler, 2010). ATP is
produced along the inner membrane though oxidative phosphorylation, a reaction in
which ATP is formed from carbon substrates as a result of the transfer of electrons from
FADH; o NADH to O, via a series of carriers (Duchen, 2004). This transfer creates an
electrochemical gradient across the mitochondrial membrane termed proton motive force,
used to power ATP synthase as well to accumulate cytosolic calcium. This ability to
undertake calcium buffering can play important roles in many cell types, and especially in
neuronal signaling, as calcium serves as an important secondary messenger. Mitochondria
also play an important role in apoptosis: cellular stress can result in the release of
cytochrome ¢ from the mitochondrial matrix, which then activates a caspase signaling
cascade resulting in apoptosis (Danial and Korsmeyer, 2004).

Once thought to be solitary and rigidly structured, mitochondria are now appreciated to
constitute a population of organelles that fuse and divide, move throughout the cell, and
undergo regulated turnover. These dynamic processes regulate mitochondrial function by
enabling mitochondrial recruitment to critical subcellular compartments, content
exchange between mitochondria, mitochondrial shape control, mitochondrial
communication with the cytosol and mitochondrial quality control (Chen and Chan,
2009). As a result, mitochondria can ready adapt to changes in cellular requirements,
whether due to physiological or environmental imperatives. The disruption of

mitochondrial dynamics leads to cell dysfunction (Millecamps and Julien, 2013).

1.2 - Mitochondrial transport in neurons

Neurons are polarized cells that consist of three distinct structural and functional
domains: the cell body (soma), a long axon and thick dendrites with many branches and

elaborate dendritic arbors. Along those regions mitochondria are not uniformly

distributed (Hollenbeck and Saxton, 2005): areas with high demands for ATP contain
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more mitochondria than other cellular domains, including pre- and post- synaptic
domains, the axon initial segment, nodes of Ranvier and growth cones (Sheng and Cai,
2012). Although the biogenesis of mitochondria can occur locally within the axon, it is
thought that most new mitochondria are generated in the soma and that dysfunctional
mitochondria also return to the soma for degradation by the autophagy-lysosomal system.
Thus the position of mitochondria in neurons must be controlled on rapid timescales to
match changes in synaptic input, requiring specialized mechanisms to transport
mitochondria from the soma to their destination and to ensure that they remain stationary

in high energy demand regions to support several neuronal functions.

1.2.a - Mechanisms of mitochondrial transport in neurons

Several studies applying time-laps imaging of live cultured neurons and in vivo studies in
genetically engineered mice have revealed the complex nature of mitochondrial transport
along neuronal processes (Kang et al., 2008; Miller and Sheetz, 2006; Misgeld et al.,
2007).

In mature cultured neurons, only one-third of axonal mitochondria are mobile and the
remaining 65-80% are stationary (Kang et al., 2008). Saltatory and bidirectional
movements result in mean mitochondrial velocities between 0.1 and 1.4 pum per second
(MacAskill et al., 2009a; Morris et al., 1995). Differences between mitochondrial velocity
parameters reported by several investigations are mainly due to the method of analysis,
the direction of mitochondrial transport measured, the cellular compartment, the neural
type or the marker used for labeling mitochondria.

The moving mitochondria move in neurons bidirectionally, frequently changing direction,
pausing or switching to persistent docking (Hollenbeck and Saxton, 2005; Kang et al.,
2008; Miller and Sheetz, 2006, Misgeld et al., 2007).

Three major protein groups are involved in transporting mitochondria in neurons: (1)
cytoskeletal proteins, (2) molecular motors, and (3) a host of adaptors and scaffolding
proteins that mediate the interactions between motors, cargos and the cytoskeleton

(Chang and Reynolds, 2006; Sheng and Cai, 2012); (Tablel).
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Protein Role Organism(s)
KIFS Microtubule motor Drosophila melanogaster and
mammals
KIF1Ba Microtubule motor Mammals
KLP6 Microtubule motor Mammals
Dynein—dynactin Microtubule motor D. melanogaster and mammals
MIRO KIF5 receptor D. melanogaster and mammals
Milton KIF5 adaptor D. melanogaster
TRAKs (OIP106, GRIF1) | KIF5 adaptor Mammals
Syntabulin KIF5 adaptor Mammals
FEZI KIF5 adaptor Mammals
RANBP?2 KIF5 adaptor Mammals
APLIPI KIF5 adaptor D. melanogaster
Syntaphilin Static anchor Mammals
Mitofusins MIRO-TRAK regulator | Mammals
Tau Microtubule stability Mammals
MAPIB Microtubule stability Mammals
Myosin XIX Actin motor Mammals
Myosin V Actin motor D. melanogaster neurons
Myosin VI Actin motor D. melanogaster neurons
WAVEL Actin polymerization Mammals

Table 1: Molecular motor—scaffold proteins and regulators of mitochondrial transport
APLIP1, APP-like-interacting proteinl; FEZ1, fasciculation and elongation protein-(1; KIF,
kinesin superfamily protein; MAP1B, microtubule-associated protein 1B; MIRO, Mitochondrial
rho; RANBP2, RAN-binding protein 2; WAVE1, WASP family verprolin homologous protein 1.
Adapted from Sheng & Cai, 2012.

The majority of long distance mitochondrial transport is via motor proteins moving
mitochondria along microtubules, whereas the actin cytoskeleton is more important for
anchoring mitochondria and for short range movements (Hirokawa and Takemura, 2004;
Morris et al., 1995).

Microtubules are formed from the polymerization of a- and -tubulin and are arranged in
a polarized manner with plus and minus ends. Kinesin superfamily proteins (KIFs) and
cytoplasmic dynein are the main microtubule-based motor proteins, requiring ATP

hydrolysis to guaranteeing the transport of mitochondria as well other membranous
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organelles or cargoes (Hirokawa and Takemura, 2004). They transport mitochondria
towards the microtubule plus-ends and minus-ends respectively. Axonal microtubules are
uniformly arranged so that their minus ends are directed towards the soma and their plus
ends are directed distally (Hirokawa and Takemura, 2004; Martin et al., 1998). Thus, in
the axons, cytoplasmic dynein motors are responsible for returning mitochondria to the
soma, whereas kinesin motors of the KIF5 family drive anterograde mitochondrial
transport to distal axonal region and synaptic terminals (Fig.1). As dendritic microtubules
exhibit mixed polarity in the proximal regions, KIFs and dynein motors can drive cargo
transport in either an anterograde or retrograde direction depending on microtubule
polarity (Fig.1).

In presinaptic terminals, growth cones and dendritic spines, actin filaments form the
major cytoskeletal architecture and myosin motors probably mediate short range
movement along actin filaments (Fig.1). Motile mitochondria can also be recruited to
stationary pools via dynamic interactions between the docking receptor syntaphilin and

microtubules or actin-based anchoring machinery (Fig.1).

<= Anterograde  Daocking Retrograde e

| Dendritic
spine

Presynaptic
terminal

&

— T

Receptor Mitachondrion Dynein KIFS  Myosin Actin Adaptor  Syntaphilin - Microtubule

Figure 1: Mitochondrial transport in neurons. Simplified representation of a peripheral neuron
showing the cell body that gathers signals from presinaptic neurons. Adapted from Sheng & Cai,
2012.

1.2.b - Anterograde Mitochondrial transport
Kinesins and anterograde mitochondrial transport

Human kinesin superfamily members (KIF) is a large family currently containing at least
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45 different genes in human and mouse (Hirokawa and Takemura, 2004), classified into
14 families.

The members of the kinesin-1 family, collectively known as KIFS5, contain two kinesin
heavy chains (KHCs) and two kinesin light chains (KLCs) (Hirokawa and Takemura,
2004). Each KHC contains an amminoterminal motor domain that has ATPase activity
and binds directly to microtubules, whereas its carboxy-terminal cargo-binding domain
mediates an association with a KLC or directly interacts with cargoes or cargo adaptors,
such as mitochondrial adaptor proteins. KIF5 proteins have a key role in microtubule plus
end-directed (anterograde) mitochondrial transport in axons, whereas in dendrites, where
microtubule polarity is mixed, it is involved in both anterograde and retrograde transport.
In mammals, there are three forms of KIF5 motors, KIF5A, B and C. KIF5B was the first
to be discovered and is present in almost all cell types. KIF5A and C are neuron-specific
motors (Hirokawa and Takemura, 2004; Kanai et al., 2000). How these three motors
divide cargoes between them and whether they are functionally redundant remains
unclear.

Deletion of KIF5B in non-neuronal mouse cells blocks transport of mitochondria to the
periphery resulting in their perinuclear clustering (Tanaka et al., 1998). Mutating KIF5 in
Drosophila (in which only one KIF5 isoforms is found) severely disrupts anterograde
mitochondrial transport along axons even if it does not abolish it entirely, suggesting that
other kinesin motors are also involved (Pilling et al., 2006). In cultured rat primary
hippocampal neurons, expression of dominant negative KIF5 construct disrupts
mitochondrial trafficking in axons (Cai et al., 2005) while function-blocking antibodies to
KIF5 block bi-directional mitochondrial trafficking along mixed polarity microtubules in
dendrites (MacAskill et al., 2009a).

Kinesin motors could either be attached directly to the lipid bilayer of the mitochondrial
membrane, or they could be attached via adaptor proteins that themselves can bind lipids
or have transmembrane domains. Recently, significant advances have been made in
identifying the molecular machinery that links mitochondria to the KIF5 motors for

transport.
Motor Adaptors

The first studies aimed to identify motor adaptor proteins associated with KIF5 and

involved in mitochondrial transport were conducted in Drosophila, and identified Milton

31



as a mitochondrion-specific motor protein linker that is needed for movement of
mitochondria into the axon (Brickley et al., 2005). Milton mutants form normal synapses,
but their axons and terminals are devoid of mitochondria (Gorska-Andrzejak et al., 2003;
Stowers et al., 2002). Milton colocalizes and co-purifies with mitochondria but not with
other organelles. Since the initial identification of Milton, two mammalian kinesin
binding orthologues, TRAK1 and TRAK2 (also known as OIP106 and OIP98/Grif-1,
respectively), have been identified (Brickley et al., 2005).

Functional similarities and differences have emerged between Milton and TRAKSs. In
Drosophila, Milton acts as an essential bridging molecule necessary to link mitochondria
to kinesin motors (Glater et al., 2006; Wang and Schwarz, 2009). Knocking-down
TRAKI1 or expressing dominant-negative TRAKI mutants in hippocampal neurons
results in impaired mitochondrial mobility in axons (Brickley et al., 2005).

Roles for Milton other than mitochondrial trafficking have not been identified, and Milton
fly mutants do not appear to have defects in the trafficking of other cargo such as synaptic
vesicles (Stowers et al., 2002). Thus, Milton appears to be a specific mitochondrial
trafficking adaptor. In contrast, TRAK proteins (which Exhibit 33.5% and 35.3%
similarity to Milton for rat TRAK1 and TRAK?2, respectively) might have evolved other
functions and trafficking roles within the cell, as they also regulate intracellular transport
of other cargo and organelles including endosomes and ion channels (Grishin et al., 2005;

Webber et al., 2008; Wennerberg

and Der, 2004).

Milton is linked indirectly with

KIF5 through the interaction with '{'# : *’
the  atypical ~GTPase  Miro #7 e

(mitochondrial rho), that is present ﬁﬂ—"_"

Trak‘milion

Kinasin

in mitochondrial outer membrane (:__) j\
(Fig.2). Deletion of dMiro in
Drosophila, or depletion of Mirol in

cultured  hippocampal  neurons,

Figure 2: The machinery of mitochondrial
transport. Mitochondrial transport along
moving mitochondria (Fransson et microtubules is mediated by dynein and kinesin

motor proteins in cooperation with various adaptor
al.,  2006; Guo et al, 2005; proteins. Adapted from MacAskill et al., 2009.

MacAskill et al, 2009a). In

significantly reduces the number of

32



mammalian two Miro orthologues (Mirol and Miro2) have been identified. They have a
carboxyl terminal transmembrane domain that sits in the outer mitochondrial membrane
and two GTPase domains flanked by two EF hand calcium binding domains, required for
signalling control over mitochondrial transport (Fransson et al., 2003; Fransson et al.,
2006). TRAKS bind to the first GTPase domain of Miros (Fransson et al., 2006).

In hippocampal neurons Mirol acts as the major mitochondrial acceptor site for TRAK?2
and the MIRO1-TRAK2 complex has been shown to be a key regulator of mitochondrial
transport (Macaskill et al., 2009b). Elevating Mirol levels enhances the recruitment of
TRAK?2 to mitochondria and facilitates mitochondrial transport (Macaskill et al., 2009b).
Syntabulin, FEZ1 and RanBP2 are also implicated in kinesin-dependent transport of
mitochondria (Fig.2).

Syntabulin interacts directly with KIF5 isoforms and attaches to outer mitochondrial
membrane via its C-terminal domains (Cai et al., 2005). Depletion of syntabulin or
blocking of syntabulin-KIF5 interaction, impair mitochondrial trafficking reducing
anterograde transport along axons in cultured hippocampal neurons (Cai et al., 2005).

The kinesin adaptor FEZ1 is a brain-specific protein implicated in mitochondrial
transport in hippocampal neurons and in the transport of mitochondria into the tips of
growing neurites in NGF-stimulated PC12 neuroblastoma cells (Fujita et al., 2006; Ikuta
et al., 2007). Knocking down FEZ1 using RNA interference reduces anterograde
mitochondrial transport into the tips of growing neurites of both hippocampal neurons
and PC12 cells (Fujita et al., 2006; Ikuta et al., 2007).

RanBP2 is a large scaffold protein associated with nucleocytoplasmic transport, protein
biogenesis, mitosis and trafficking that interacts directly with KIF5B and KIF5C (but not
KIF5A) in brain and retina (Cai et al., 2004) and regulates mitochondrial transport in
non-neuronal cells, where inhibition of its interaction with KIF5B or KIF5C causes
perinuclear clustering of mitochondria (Cho et al., 2007). However, little is known
regarding any potential role this protein might have in regulating mitochondrial
trafficking in nerve cells.

Whether syntabulin, FEZ1 or RanBP2 bind directly to the outer mitochondrial membrane
or are recruited via interactions with a mitochondrial receptor protein such as Miro
remains unclear.

Why do neurons require multiple KIF5 adaptors to mediate mitochondrial transport? One

attractive hypothesis is that KIF5 motors physically attach to their transport cargoes via
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different adaptor complexes, thus allowing neurons to regulate mitochondrial transport

through separate mechanisms in response to different physiological signals.

1.2.c - Retrograde Mitochondrial transport

Cytoplasmic dynein has a key role in microtubule minus end-directed retrograde
mitochondrial transport in axons, whereas in dendrites, where microtubule polarity is
mixed, it is involved in transporting mitochondria to both the periphery and the cell body.
Cytoplasmic dynein is formed by two dynein heavy chains (DHCs) and several dynein
intermediate chains (DICs), dynein light intermediate chains (DLICs) and dynein light
chains (DLCs) (Karki and Holzbaur, 1999).

There are very few dynein heavy chains functioning as motors, but this relative simplicity
is increased by large numbers of accessory proteins, including light chains and dynactin
(a multisubunit complex necessary for dynein activity) that allow selectivity between
dynein motors and different cargoes (Hirokawa et al., 2009).

Even if the model by which dyneins link to organelle membrane-associated proteins via
their light and intermediate chains is largely accepted, the mechanism that link dynein to
mitochondria are not well characterized. For example the question whether the dynein
motor complex associates with mitochondrial membranes directly or indirectly via a
linkage by unidentified dynein adaptor still remains opened. Tctex1, a dynein light chain
capable of supporting dynein-mediated transport, has been shown to interact with the
voltage-dependent, anion-selective channel (VDAC) localized to the outer mitochondrial
membrane, suggesting a possible linkage for mitochondria to dynein motors (Schwarzer
etal., 2002); (Fig.2).

Dynactin, a large 11-subunit complex, binds directly to cytoplasmic dynein and to
microtubules, enhancing the processivity of the dynein motor or regulating its interaction
with cargo(King and Schroer, 2000). Both dynein and dynactin were found associated
with purified mitochondria from Drosophila brains and mutations in dynein heavy chain
genes dramatically alter axonal mitochondrial transport, affecting retrograde transport
velocity and run length (Pilling et al., 2006). However, an in vivo analysis showed that
dynactin has a crucial role in regulating and/or coordinating the bidirectional motility of
membrane organelles and is not required to link dynein to membranes (Pilling et al.,

2006).
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An interesting feature of dynein-mediated transport is that it also requires kinesin
function, perhaps because kinesin must transport dynein to the periphery of cells. This
might also be due to direct regulatory functions of kinesin or kinesin associated proteins
on dynein function (Hirokawa and Takemura, 2004; Hollenbeck and Saxton, 2005;
Pilling et al., 2006; Susalka et al., 2000; Susalka and Pfister, 2000).

In this direction, a recent work demonstrating that Miro in flies also plays a role in
regulating retrograde (presumed dynein-dependent) mitochondrial transport in axons
(Russo et al., 2009), raising the possibility that the kinesin adaptor also regulates dynein
mediated transport of mitochondria (and raising the possibility that Miro is also the
adaptor recruiting dynein motors to these organelles). However, a direct interaction

between Miro and dynein has not been demonstrated.

1.2.d - Regulation of mitochondrial transport in neurons

Synaptic activity-dependent regulation

Mitochondrial trafficking dynamics are directly correlated with the levels of neuronal
activity, such as synaptic activity or action potential signalling (Pilling et al., 2006).
Mitochondria are transported and retained to activated synapses in response to two
intracellular signals that control their velocity and their recruitment to stationary pools.
The first signalling pathway involves the detection of ATP and ADP levels:
mitochondrial movement is increased in areas where there are high concentrations of
ATP (supporting to move mitochondria away from areas where the ATP concentration is
high), whereas increases in ADP levels inhibit movement (locally recruiting mitochondria
to areas of energy need) (Mironov, 2007). This mechanism might exist to facilitate the
recruitment of mitochondria to neuronal subdomains undergoing higher levels of synaptic
transmission, which have higher requirements for ATP and/or calcium buffering.

The second signaling pathway involves alteration in intracellular calcium concentrations:
increases in dendritic calcium (e.g. via opening of NMDA receptors, which are calcium-
permeable glutamate receptors activated during synaptic activity) can also stop
mitochondrial movement during high-frequency transmission at a single or a few
synapses, allowing recruitment of mitochondria to the base of single spines (the spiny

protrusions where most excitatory synapses are formed) (Li et al., 2004; Macaskill et al.,
2009b).
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As in dendrites, calcium entry in axons (e.g. upon application of a calcium ionophore or

via opening of voltage sensitive

calcium channels during action )
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Figure 3: Molecular mechanisms of mitochondrial
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1 h hat th representation of “Motor Releasing Model” and
Several papers showed that the EF “Motor-Miro Binding Model”.  Adapted from

hand domains of Miro are the MacAskill and Kittler, 2010.

calcium sensor that mediates this

calcium-dependent mitochondrial stopping. In fact, the calcium-induced cessation of
mitochondrial mobility was effectively abolished in neurons expressing mutant Miro EF
hands that cannot bind calcium (Macaskill et al., 2009b). Two mechanisms have been
proposed for how this occurs (Fig.3). Under basal conditions KIF5 is bound to
mitochondria trough the interaction of its C-terminal domain with TRAK2, which in turn
binds Mirol/2 at mitochondrial surface. In the “Motor Releasing Model”, calcium
binding to Mirol/2 inhibits a direct interaction between Miro and KIF motors, resulting
in uncoupling of mitochondria from the transport machinery and possible deactivation of
the motors (Macaskill et al., 2009b); in the “Motor-Miro Binding Model”, at high
calcium levels the motor domain of kinesin unbinds microtubules and flips up to bind
directly to Miro on the mitochondria, uncoupling mitochondria from the microtubule
transport pathway (Wang and Schwarz, 2009). Additional work is needed to solve the

differences between these two models.
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Neuronal signaling-mediated regulation

Several evidences are emerging about the docking effect of NGF (Nerve Growth Factor,
a growth factor that is important for neuronal differentiation and survival), that has been
shown to cause axonal mitochondrial arrest in dorsal ganglion neurons, in an actin-based
mechanism (Chada and Hollenbeck, 2004).

Axonal mitochondrial transport can also be regulated by activation of the serotonin
receptor 5-HT1A receptor subtype and by dopamine 1 receptors, both promoting axonal
transport of mitochondria in cultured rat hippocampal neurons by increasing the activity
of the protein kinase Akt, and consequently decreasing glycogen synthase kinase
(GSK3B) activity (Chen et al., 2007; Chen et al., 2008). In contrast, dopamine acting on
dopamine 2 receptors has the opposite effect, inhibiting mitochondrial movement in
hippocampal neurons via the same AKT- GSK3f signaling cascade (Chen et al., 2008).
Nevertheless, the molecular targets of the AKT- GSK3f signaling pathway are not clear.

Regulation of mitochondrial transport by microtubule associated proteins
Phosphorylation of microtubule-associated proteins (MAPs) such as tau and MAP1b by
GSK3b (or other kinases) can alter their binding to microtubules and their microtubule
stabilizing ability (Sang et al., 2001; Scales et al., 2009). MAP1b and tau are mainly
axon-targeted MAPs and contribute to the regulation of the axonal transport of membrane
organelles, including mitochondria (Stamer et al., 2002).

Overexpressing tau in neuroblastoma cell lines, primary cortical neurons and retinal
ganglion neurons, selectively inhibits kinesin-driven anterograde mitochondrial transport.
In these experiments, dynein-mediated retrograde transport became dominant and
mitochondria accumulated in the soma instead of being delivered to neuronal processes
(Dubey et al., 2008; Stamer et al., 2002; Stoothoff et al., 2009). These studies suggest that
tau preferentially competes with kinesin motors for binding to microtubules because
mitochondrial transport velocity was not altered when tau is overexpressed (Trinczek et
al., 1999). Interestingly, loss (in Tau -/- mice) or partial reduction (in Tau +/- mice) of
tau expression in mutant neurons prevented amyloid-f-mediated defects in mitochondrial
transport (Vossel et al., 2010), suggesting that the role of amyloid-p in inhibiting axonal
mitochondrial mobility is dependent on tau expression levels.

Moreover, overexpression of GSK3f in cultured neurons results in an increase in the

number of axonal motile mitochondria, and the effects of GSK3 B overexpression on
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mitochondrial trafficking are abolished in Tau (—/—) neurons, thereby indicating that the
effects of this kinase are mediated by its action on the modification of Tau (Llorens-
Martin et al., 2011).

Thus, signaling pathways (e.g. GSK3Db activity) might converge on indirect regulators of

motor protein activity to globally regulate microtubule-based transport.

1.2.e - Mitochondrial transport and quality control

Mitochondria have multiple quality control mechanisms at the molecular, organelle and
cellular levels, to limit mitochondrial damage and ensure mitochondrial integrity. The
molecular level of defense is supported by the proteolytic system. Molecular chaperons
and ATP-dependent proteases in the matrix and inner membrane of mitochondria degrade
damaged proteins, stabilize misfolded proteins (thus preventing their aggregation) and/or
brake up protein aggregates (and thereby promote proteolysis) (de Castro et al., 2010). In
addition, the cytosolic ubiquitin-proteasome system can also participate in the quality
control of mitochondrial proteins (Tatsuta and Langer, 2008). At the organelle level,
fusion and fission processes act to protect the cell against mitochondrial damage. Fusion
between damaged mitochondria and healthy mitochondria provide repair from the damn,
as the contents of healthy and dysfunctional mitochondria are mixed (Braun and
Westermann, 2011; Chen and Chan, 2009; Chen et al., 2003). Fission sequesters
mitochondria that have become irreversibly damaged or are fusion-incompetent and
results in their subsequent elimination by autophagy. At the cellular level, the elimination
of the whole damaged mitochondria is provided by mitophagy, the autophagy-mediated
degradation of mitochondria (Baker et al.; Karbowski and Youle, 2004; Shutt et al.,
2012). Mitophagy requires the specific labeling of damaged mitochondria and their
subsequent recruitment into isolation membranes, and this can occur through two
mechanisms. First, outer mitochondrial membrane proteins such as NIP3-like protein X
(NIX) in mammalian cells, bind to LC3 on the isolation membranes, which mediated the
sequestration of damaged mitochondria into autophagosomes (Youle and Narendra,
2011). Second, when mitochondria is damaged by losing their membrane potential, the
mitochondrial Parkinson disease (PD) protein PINK1 recruits the E3 ubiquitin ligase
Parkin from the cytosol to dysfunctional mitochondria where it ubiquitinates
mitochondrial proteins for proteosomal degradation and promotes the engulfment of

mitochondria by autophagosomes. During this process, mitochondrial dynamics are
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shifted toward fission over fusion, partly due to proteasomal degradation of Mitofusin
proteins (Gegg et al., 2010; Gegg and Schapira, 2010; Tanaka, 2010; Tanaka et al., 2010).
Miro has recently been found to interact with PINKI, linking Miro function to
pathological changes in mitochondrial function in stroke and PD. The interaction with the
protein kinase PINKI1, a regulator of mitochondrial morphology and function, is
particularly intriguing because it raises the possibility that Miro is a substrate of PINK1
and hence under the control of PINK1-dependent phospho-regulation, although there is

no direct evidence for this.

1.3 - Mitochondrial fusion and fission

When mitochondria are viewed in live cells, it becomes immediately apparent that their
morphologies are far from static. In many eukaryotic cell types, mitochondria not only
continuously move along cytoskeletal tracks, but also frequently fuse and divide. These
concerted activities control mitochondrial morphology and its intracellular distribution
and determine the cell type-specific appearance of the network (Detmer and Chan,
2007b).

The antagonistic and balanced activities of the fusion and fission machineries shape the
mitochondrial compartment, and the dynamic behaviour of mitochondria allows the cell
to respond to its ever-changing physiological conditions. A shift towards fusion favours
the generation of interconnected mitochondria, whereas a shift towards fission produces

numerous mitochondrial fragments (Fig.4).

No fission
DRP1K38A g

No fusion

Figure 4: Mitochondrial length, size and connectivity are determined by the relative rates
of mitochondrial fusion and fission. In wild-type cells mitochondria form tubules of variable
length. In the absence of mitochondrial fusion (for example, in Mfns-null cells) unopposed
fission results in fragmented mitochondria. Conversely, decreased fission (for example, in
DRP1 K38A cells, which express a dominant-negative form of DRP1) results in elongated and
highly interconnected mitochondria. Scale bar 10 um. Adapted from Detmer and Chan, 2007.
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The large mitochondrial networks that are generated by fusion are beneficial in
metabolically active cells, in which they contribute towards energy production. In
contrast, in quiescent cells mitochondria are frequently present as numerous
morphologically and functionally distinct small spheres or short rods (Collins et al.,
2002).

Unlike the reticular networks seen in neuronal cell bodies (Eldering et al., 2004; Popov et
al., 2005), mitochondria in axons are discrete bean-shaped organelles, ranging from ~ 100
nm to several micrometers long (Pilling et al., 2006). Although the different lengths
within this range do not correlate with differing run velocities or other behavior in
Drosophila neurons (Pathak et al., 2010; Pilling et al., 2006; Russo et al., 2009),
extremely long axonal mitochondria that are generated by gross perturbation of fission
and fusion do not move (Amiri and Hollenbeck, 2008).

These observations suggest that appropriately balanced mitochondrial fission and fusion
generates discrete mitochondria that are suitable for transport over long distances,
providing one explanation for cross-talk between transport and fission—fusion processes.
Conversely, perhaps transport supports fission—fusion dynamics in axons.

Research on mitochondrial fusion and fission gained much attention in recent years, as it
is important for our understanding of many biological processes, including the
maintenance of mitochondrial functions or apoptosis.

Mitochondrial fission and fusion processes are both mediated by large guanosine
triphosphatases (GTPases) of the dynamin family that are well conserved between yeast,
flies, and mammals (Hoppins et al., 2007). Their combined actions divide and fuse the
two lipid bilayers that surround mitochondria. Although the proteins that are involved in
mitochondrial fission and fusion are being discovered, the mechanism for the

synchronized splitting and melding of the two membrane systems remains vague.

1.3.a - Regulation of Mitochondrial Fusion: Proteins Involved in Mitochondrial
Fusion in Mammalian Cells

Mitochondrial fusion is mediated by the conserved dynamin-related GTP proteins
Mitofusins (Mfnl and Mfn2) and optic dominant atrophy 1 (OPA1) (Chen and Chan,
2010; Zhang et al.). In yeast, Mfns and Opal counterparts are termed Fzolp and Mgmlp,

respectively.
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Fusion requires the apposition of two

adjacent organelles, followed by the fusion

Mitofusini/2

of the mitochondrial membranes of adjacent
tubules. Mfnl and Mfn2 form homo- and
heterocomplexes with each other, and seem
to be in equilibrium between conformations
that dinstribute them on the outer
mitochondrial membrane evenly and those
that concentrate into foci at sites of
mitochondrial fission and fusion (Chen et al.,
2003; Koshiba et al., 2004), (Fig.5).

The N-terminal GTPase domain of Mfnl is

required for fusion activity and is orientated
towards the cytosol. It is anchored in the
OMM by two hydrophobic domains (Fig.5).
The C-terminal coiled-coil domain also faces
the cytosol, where it coordinates the docking

of mitochondria to one another through

Figure 5: Schematic cross-sections
through fusing mitochondria. The two
mitochondria dock through interaction of

juxtaposed  mitofusins’s  coiled-coil
domain protruding from outer
mitochondrial ~ membrane  (OMM),
whereupon OPA1, which is anchored
partially on the inner mitochondrial

membrane (IMM), participates in the
membrane fusion process.

Adapted from Youle and Karbowski,
2005.

antiparallel binding to the C-terminal coiled-
coil domains of Mfnl or Mfn2 molecules on

adjacent mitochondria (Liesa et al., 2008).

Mfnl mediates tethering of mitochondria more efficiently than Mfn2, and requires GTP
hydrolysis for this function (Ishihara et al., 2004). Loss of either Mfnl or Mfn2 impairs
mitochondrial fusion rates and consequently shortens mitochondrial length.

Mammalian OPA1 was originally discovered as the product of the gene that is mutated
in the most common form of hereditary blindness, dominant optic atrophy, which results
from retinal ganglion cell death (Alexander et al., 2000; Delettre et al., 2000).

OPA1 is located between the inner and outer mitochondrial membranes, closely
associated with the inner membrane (Fig.5). It possesses a mitochondrial targeting
sequence mediating the mitochondrial import, a transmembrane helix anchoring the
protein to the mitochondrial inner membrane and two predicted coiled coils. It interacts
with Mfns to form intermembrane protein complexes that couple the fusion of outer

membranes to that of inner membranes (Cipolat et al., 2004; Olichon et al., 2003; Song et
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al., 2003).

Loss of OPA1 expression causes mitochondrial fragmentation whereas ectopic OPA1
expression can induce mitochondrial fusion that requires Mfnl but not Mfn2 (Cipolat et
al., 2004). The analysis of OPA1 function is complicated by the differential expression of
eight splice variants in different cell types (Cipolat et al., 2004; Olichon et al., 2003).
How OPA1, Mfnl and Mfn2 function in membrane fusion and remodelling beyond the
membrane attachment step remains unknown. In vitro reconstitution of mitochondrial
fusion will undoubtedly lead to more molecular insights in the future. This study (which
uses isolated mitochondria that contain different colored markers) has already revealed
that both OMM and IMM fusion events require GTP hydrolysis and that IMM fusion
requires a membrane potential gradient (Meeusen et al., 2004).

Due to the strong interconnection between mitochondrial dynamics, it is not surprising
that mitochondrial transport along neuronal processes is particularly important for the
fusion events. In Mfnl- or Mfn2- null mouse embryonic fibroblast (MEFs), mitochondria
lose directional movement and appear to move randomly in the cytosol, suggesting that
they are detached from microtubules (Chen et al., 2003). Deleting Mfn2 or expressing
mutant form of Mfn2 in neurons resulted in longer pauses and slower anterograde and
retrograde movements (Baloh et al., 2007; Misko et al.); motor neurons derived from
transgenic mice with mutant Mfn2 showed a decreased number of mitochondria within
their highly branched dendrites (Chen and Chan, 2010). Mfn2 was found to interact with
the mouse Miro/Milton complex, regulating axonal mitochondrial transport (Misko et
al.). Therefore, mitochondrial transport may directly affect mitochondrial morphology by
regulating the fusion and fission machinery. Conversely, deficiency of mitochondrial
fusion or fission impairs mitochondrial mobility and distribution, due possibly to an
alterated mitochondrial respiration or a defective association in the mitochondrial

transport complex.

1.3.b - Regulation of Mitochondrial Fission: Proteins Involved in Mitochondrial
Fusion in Mammalian Cells
Mitochondrial fission is mediated by FIS1 and the evolutionarily conserved dynamin-

related GTPase, Drpl in mammals and Dnm1p in yeast (Kageyama et al., 2012).
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FIS1 is anchored in the OMM by a single
hydrophobic domain with two tandem
tetratrico-peptide repeat motifs facing the
cytosol, which mediate protein—protein
interactions between FIS1 and other proteins
(Suzuki et al., 2005), (Fig.6). FISI is located
diffusely throughout the OMM and is
thought to recruit DRP1 from the cytosol,
where DRP1 predominantly localizes, to

punctuate foci on the OMM. Therefore Drpl

assembles into spiral filaments around

FIsi— §

TPR domain

mitochondria tubules and these spirals have

been proposed to constrict mitochondrial Figure 6: Schematic cross-sections

tubules trough conformational changes, through dividing mitochondria.
FIS1 circumscribing  the  outer

driven by Drpl and Dnmlp-mediated GTP  mitochondrial membrane recruits the

large GTPase DRP1 through its

tetratrico-peptide repeats (TPR), which

2001; Mears et al., 2011; Yoon and subsequently coalesces into foci at
) ) ) mitochondrial scission sites.

McNiven, 2001). Interestingly, it has been  sdapted from Youle and Karbowski,

suggested that tubules of the endoplasmic 2005.

hydrolysis (Ford et al.; Fukushima et al.,

reticulum (ER) wrap around and squeeze

mitochondria at the early stage of division, prior to assembly of Drpl filaments onto
mitochondria (Friedman et al., 2011). ER tubules constrict mitochondria to a diameter
comparable to Dnml1/Drpl helices to facilitate their recruitment and assembly to
complete fission. After the completion of mitochondrial fission, Drpl spirals likely
disassemble from mitochondria to allow several rounds of mitochondrial fission
(Friedman et al., 2011).

Due to the strong cross-talk between transport and fission-fusion processes, it is not
surprising that mitochondrial fission defects result in alterations in the mitochondrial
transport and distribution and vice versa: in cultured hippocampal neurons, defects in
Drpl-mediated mitochondrial fission result in the accumulation of mitochondria in the
cell body and in reduced dendritic mitochondrial content (Li et al., 2004); inhibition of
the mitochondrial fission Drpl (Labrousse et al., 1999) also greatly reduces the number

of mitochondria in fly synaptic terminals (Verstreken et al., 2005). This suggests that it
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may not be possible for the mitochondria present in fission-deficient neurons to be
efficiently transported to distal neuronal processes.

Conversely, loss of Miro function causes mitochondrial fragmentation (Fransson et al.,
2006; Macaskill et al., 2009b; Saotome et al., 2008) and overexpression of either Miro or
Milton can enhance mitochondrial fusion (Fransson et al., 2006; Koutsopoulos et al.,
2010; Saotome et al., 2008). Moreover, disruption of dynein function increases the
formation of highly branched mitochondrial structures by controlling the recruitment of

Drpl (Varadi et al., 2004).

1.3.c - Mitochondrial Dynamics and Mitochondrial Function

Mitochondrial fusion and fission are required to maintain a functional mitochondrial
population in the cell. Defects in mitophagy may lead to impairment of mitochondrial
respiratory function in Drp1-null neurons, and in HeLa cells depleted for Drpl, likely due
to oxidative damage on mitochondrial components (Kageyama et al., 2012; Parone et al.,
2008). Impaired respiration can lead to further increases in the production of reactive
oxygen species (ROS), and it is therefore difficult to pinpoint the primary target. In
addition, respiratory defects due to mitochondrial fission deficiency are highly dependent
on cell type, likely due to basal levels of ROS and contribution of other quality control
mechanisms (Itoh et al., 2012).

Fibroblasts that lack both Mfnl and Mfn2 have reduced respiratory capacity, and
individual mitochondria show great heterogeneity in shape and membrane potential
(Stowers et al., 2002).

How does fusion protect mitochondrial function? It is probable that a primary function of
mitochondrial fusion is to enable the exchange of contents between mitochondria. An
essential component of mitochondrial function is mitochondrial DNA (mtDNA), which is
organized into

compact particles termed nucleoids. The mtDNA genome encodes essential subunits of
the respiratory complexes I, III and IV, and is therefore essential for oxidative
phosphorylation. When mitochondrial fusion is abolished, a large fraction of the
mitochondrial population loses mtDNA nucleoids, and therefore may fail to assemble
electron transport chain complexes because several subunits of the electron transport
chain complex are encoded in mtDNA (Legros et al., 2004).

Moreover, pancreatic B cells that lack Opal show similar defects, with an even greater
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reduction in respiratory capacity, but contain normal amounts of mtDNA, suggesting that
the role of mitochondrial fusion in the maintenance of mtDNA may also depend on cell
type (Zhang et al., 2011).
In addition to mtDNA, it is also possible that other components, such as substrates,
metabolites or specific lipids, can be restored in defective mitochondria by fusion.
Further studies will determine whether content exchange is the primary function of

mitochondrial fusion. The importance of mitochondrial fusion in development and

disease might be a consequence of this function (Detmer and Chan, 2007a).

1.3.d - Mitochondrial Dynamics and Cell Proliferation
Several data are emerging about
of
the cell

morphological changes
mitochondria  during
cycle (Lee et al., 2007; Mitra et
al., 2009),

identifying rapid

changes in mitochondrial
morphology at different stages of

the cell cycle. In M phase,

fragmented mitochondria

Figure 7: Formation of a giant mitochondrial network

localize to opposite telomeres of
daughter mitochondria; in GO
both

filamentous and

fragmented mitochondria occur,

during G1-to-S transition. 3D projection images of rat
kidney cells stably expressing red fluorescent protein
targeted to the mitochondrial matrix, showing
mitochondrial distribution in proliferating cells or cells
arrested at different cell cycle stages. Scale bars: 5 um.

Adapted from Kasturi Mitra et al, 2009.

whereas in  G1-S

phases

mitochondria form a giant

tubular network with tubular elements undergoing fission and fusion (Mitra et al., 2009);
(Fig.7).

The giant voluminous mitochondrial network at G1-S could serve several cellular
functions such as efficient distribution of mitochondrial DNA in the continuous matrix
(in order to guarantee the appropriate segregation of the organelles and mtDNA into
daughter cells during proliferation), enhancement of mitochondrial ATP to compensate
for reduced glycolytic ATP during GI1-S, and cell protection against apoptosis at this
crucial cell cycle stage (Arciuch et al., 2009).
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Several lines of evidence support the view that Mfn2 exerts a regulatory role on the cell
cycle (Chen et al., 2004). Mfn2 overexpression in vascular smooth muscle cells (VSMCs)
causes growth arrest characterized by an increased number of cells in GO/G1 stage and a
reduction of cells in S or G2/M phases (Chen et al., 2004). The mechanism proposed by
which Mfn2 causes cell cycle arrest involves binding and sequestration of Ras, thereby
inhibiting the downstream Raf-MEK1/2- ERK1/2 signaling pathway (Liesa et al., 2009).
However, it is still unknown whether the effects of Mfn2 are universal in different cell
types.

Another protein involved in mitochondrial regulation of cell cycle is Cyclin E, the Cyclin
responsible for G1-S phase progression. Mitra et al., (Mitra et al., 2009) demonstrated
that inducing mitochondrial hyperfusion by acute inhibition of Drpl leads to buildup of
Cyclin E and initiation of replication in serum starved cells at GO. Regulation of Cyclin E
levels by hyperfused mitochondria at GI1-S could explain why knockouts of Mfns
phenocopy the effects of Cyclin E knockouts.

1.3.e - Mitochondrial Dynamics and Apoptosis

Cell die trough different mechanisms, such as apoptosis and necrosis, which are
interconnected but distinct in terms of cellular morphology and caspase requirements.
Mitochondrial dynamics are involved in both cell death processes, given that
mitochondria undergo common morphological changes during early stages of apoptosis
and necrosis: the filamentous mitochondrial reticulum becomes fragmented, consistent
with an excess of fission events. The role of mitochondrial fragmentation in necrosis
remains to be determined, but it is likely different from that in apoptosis. During
apoptosis, mitochondria play an active role initiating cell death by releasing the
proapoptotic factor cytochrome c¢. In contrast, during necrosis, mitochondrial
fragmentation may serve as a means to decrease mitochondrial energy production to elicit
efficient cell death.

In apoptotic cells excessive fission of mitochondria occurs almost simultaneously with
outer membrane permeabilization and cytochrome c release. The pro-apoptotic Bcl-2
family member Bax regulates mitochondrial outer membrane permeabilization during
apoptosis. Following extensive cellular stress or damage, Bax translocates to
mitochondria and accumulates in concentrated foci that colocalize with Drpl and
mitofusins (Sheridan and Martin, 2010). This process mediates pore formation in

mitochondrial outer membranes, which facilitates the release of cytochrome ¢ and others
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pro-apoptotic factors from mitochondria, and subsequent downstream caspase activation
(Sheridan and Martin, 2010).

Inhibition of mitochondrial fission by Drpl knock-down delays cytochrome c release,
indicating that mitochondrial fission participates in Bax-mediated permeabilization of the
outer mitochondrial membrane (Suen et al., 2008). The link may be that Bax is activated
to oligomerize and release cytochrome ¢ by membrane hemifusion intermediates that are
formed during mitochondrial fission (Montessuit et al., 2010). Intriguingly, Bcl-2 family
members also participate in mitochondrial fission and fusion in non-apoptotic cells:
BAX and BAK double-knockout cells have fragmented mitochondria due to reduced
mitochondrial fusion, although the extent of this effect depends on the experimental
system (Brooks et al., 2007; Karbowski and Youle, 2004). Little is known about how
BAX and BAK mediate their effects on mitochondrial morphology, but BAX influences
Mifn2 distribution on the mitochondrial outer membrane and BAK associates with Mfnl
and Mfn2 (Brooks et al., 2007).

In conjunction with mitochondrial outer membrane permeabilization, remodelling of the
cristac membranes is required for the rapid and efficient release of cytochrome ¢, which
is mainly localized to cristae compartments (Goldstein et al., 2000; Scorrano et al., 2002).
OPA1 appears to regulate the diameter of cristac junctions and therefore regulates
cytochrome c release (Scorrano et al.,, 2002). Overexpression of OPA1l blocks
cytochrome c release following the induction of apoptosis by maintaining narrow cristae
junctions (Cipolat et al., 2006; Frezza et al., 2006). Drpl has also been proposed to play
a part in cristae remodelling during apoptosis (Germain et al., 2005; Minauro-Sanmiguel

et al., 2005).

1.4 - Mitochondrial dynamics and Neurodegeneration

Neurodegenerative diseases are a heterogeneous group of disorders characterized by
gradually progressive, selective death of neuronal subtypes. Prototypical examples
include Alzheimer disease, Parkinson disease, and Huntington disease, resulting in motor
impairment, memory loss, cognitive deficits, emotional alterations and behavioral
problems.

The major risk factors include old age, environmental factors (toxins) and genetic

mutations in a variety of genes. Due to the phenotypic diversity of neurogenerative
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disorders, the study of disease-linked mutations provide key clues about the molecular
mechanisms involved in the pathology and have therefore been studied intensively over
the last decades. For instance, the study of mutations causing familiar Parkinson disease
(PD) shed light on several cellular and molecular mechanisms that contribute to the
neurodegenerative processes, such as mitochondrial dysfunction.

The role of impaired mitochondrial function is recognized as an important factor
contributing to the pathogenesis of neurodegenerative disorders, involving not only
defects in mitochondrial bioenergetics, but also mitochondrial transport, quality control,

fusion, fission and turnover.

1.4.a - Alzheimer disease

Alzheimer disease (AD) is the leading cause of dementia, affecting more than 24 million
people worldwide. AD patients demonstrate progressive memory loss and decline in
cognitive functions as well as behavioral and psychological symptoms, including
confusion, irritability and aggression, depression and anxiety. AD is characterized by
progressive brain atrophy, particularly in the hippocampus and cortex. Two major
pathological features have been observed in postmortem brains from AD patients:
neurofibrillary tangles and extracellular amyloid plaques composed chiefly of beta-
amyloid generated through the proteolytic cleavage of amyloid precursor protein (APP).
Mitochondrial dysfunction is a prominent feature of Alzheimer's disease (AD) neurons,
in particular concerning to alteration in mitochondrial localization, transport and fission.
In autoptic samples from patients with sporadic AD axonal swelling containing several
organelles and especially mitochondria were found in the nucleus basalis of Meynert,
probably originating from defects in axonal trafficking; in fact the formation of these
vesicles was mediated by the expression of Kinesin-1 (Stokin et al., 2005). An altered
balance in mitochondrial fission and fusion is likely an important mechanism leading to
mitochondrial and neuronal dysfunction in AD brain.

In AD brain protein levels of OPA1, Mfnl, and Mfn2 were significantly reduced whereas
levels of Fisl were significantly increased (Wang et al., 2009a). AD mitochondria
displayed elongated shapes which form collapsed perinuclear aggregates (Wang et al.,
2008). Moreover, B-amyloid protein can localize to mitochondria causing a cytotoxic
effect generated by the production of nitric oxide that leads to activation of Drp1 activity.

In fact, enhanced levels of S-nitrosylated Drpl lead to an enhanced Drpl dimerization,
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triggering mitochondrial fission, synaptic loss, and neuronal damage (Barsoum et al.,
2006; Cho et al., 2009; Nakamura et al., 2010).

Among the mitochondrial metabolic defects in the AD brain we can find general changes
in glucose consumption, increased oxidative stress, and Ca®" deregulation, causing
increased oxidative damage, leading to cellular energy supply failure and impairing the

neuronal survival (Santos et al., 2010).

1.4.b - Parkinson disease

Parkinson disease (PD) is the second most common neurodegenerative disease in
humans, resulting from the loss of dopaminergic cells in the substantia nigra. The four
primary symptoms of PD are tremor, rigidity, bradykinesia and postural instability or
impaired balance and coordination. ~ 90% of PD cases are sporadic, but ~ 10% are
familial and genetic analysis hve identified a number of PD-associated genes, among
them several genes associated with mitochondrial function. Recent studies in flies and
vertebrate suggest that the integrity of two genes involved in familial forms of PD, Parkin
and PINK1, is essential for mitochondrial morphology and integrity.

Parkin is a cytosolic E3 ubiquitin ligase ubiquitously expressed; Pink1 is a mitochondrial
serine/threonine-protein kinase. They are both involved in the control of mitochondrial
turnover by autophagy (mitophagy): Parkin translocates from the cytosol to the
mitochondria in response to a fall in mitochondrial membrane potential (Narendra, 2008),
through a process that requires PINK1 activity (Lee et al., 2010; Narendra et al., 2010).
Moreover it is known that PINK1 interacts with Miro-Milton complex (Weihofen et al.,
2009), can phosphorylate Miro and activate its proteasomal degradation in a parkin-
dependent manner (Wang et al., 2011). Consistent with this data, it was shown that
altered activities of PINK1 cause aberrant mitochondrial transport (Liu et al., 2012). The
implication of PINKI/Parkin pathway in the regulation of mitochondrial transport
machinery results noteworthy considering that dysfunctions of this process could
contribute to the loss of dopaminergics neurons, the cardinal feature of PD, as well as the
peripheral neuropathy symptom associated with particular PINKI or Parkin mutations.
Genetic studies in flies suggest that Pinkl and Parkin act to promote mitochondrial
fission and/or inhibit fusion (Deng et al., 2008; Yang et al., 2008) by downregulating Mfn
proteins and OPA1 (Deng et al., 2008; Yang et al., 2008; Yu et al., 2011). It has been

demonstrated that Parkin ubiquitylates Mfn proteins promoting mitochondrial
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fragmentation and probably mitophagy (Chan et al., 2011; Gegg and Schapira, 2010;
Tanaka et al., 2010).

LRRK2 is another related gene of PD-familial observed to be associated with
mitochondria, and capable of modulating normal mitochondrial integrity and functions
under certain conditions.

LRRK?2 is a multidomain protein containing a kinase and a GTPase domain (Biosa et al.,
2013), mainly present in the cytoplasm, with partial localization to mitochondria. It is
associated with membranes, such as mitochondria, endoplasmic reticulum, and synaptic
vesicles (Houten and Auwerx, 2004). Autosomal dominant mutations in LRRK2 are
associated with both familial and late-onset PD and the G2019S is the most common
mutations of LRRK?2 (Okamoto et al., 2009). It has been reported that Parkinson's disease
patients with the G2019S mutation in LRRK2, exhibited reduced mitochondrial
membrane potential and total intracellular ATP levels accompanied by increased
mitochondrial elongation and interconnectivity (Mortiboys et al., 2010). Interestingly, it
has been demonstrated that Parkin protects against LRRK2-induced neurotoxicity in vivo
(Ng et al., 2009).

From the above discussion, it is clear that mitochondrial dysfunction is a key event
underlying PD pathogenesis and PD-associated genes related to mitochondrial

homeostasis have a profound influence on mitochondrial function.

1.4.c - Charcot-Marie-Tooth type 2A (CMT2A)

Charcot-Marie-Tooth disease (CMT) is an inherited neurological disorders and its
classification in several main types was performed on the basis of electrophysiological
properties and histopathology. The axonal form of this disorder is referred to as Charcot-
Marie-Tooth type 2A disease (CMT2A), an autosomal dominant peripheral in which the
axons of the longest sensory and motor nerves are selectively affected. Mutations in
Mfn2 are the most commonly identified cause of this pathology and they include both
mutations producing Mfn2 proteins with an improved ability to promote the
mitochondrial fusion and mutations producing Mfn2 proteins able to induce
mitochondrial fusion (Detmer and Chan, 2007b). It is not surprising considering that
Mfn2 has a role also in mitochondrial trafficking, and the destruction of this function

could lead to peripheral axonal degeneration (Baloh et al., 2007).
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1.4.d - Aurosomal Dominant Optic Atrophy (ADOA)

Mutations in OPA1 cause the most common form of optic atrophy, autosomal dominant
optic atrophy (ADOA), characterized by progressive blindness and degeneration of
retinal ganglion cells and the optic nerve. Down-regulation of OPA1 in HeLa cells leads
to fragmentation of the mitochondrial network, dissipation of the mitochondrial
membrane potential and a drastic disorganization of the cristae. These events are
followed by cytochrome c release and caspase-dependent apoptotic nuclear events
(Olichon et al., 2003).

A new set of mutation in OPA1 results in “ADOA-plus” phenotypes characterized by
mtDNA instability, deafness, and movement disorders in addition to traditional ADOA

symptoms (Amati-Bonneau et al., 2008; Delettre et al., 2000; Hudson et al., 2008).
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2.- Armcx/Armcl0 gene family

2.1 - Armcx/Armc10 family: genetic evolution and gene expression

Armcx genes belong to a recently described family localized on the X chromosome and
characterized by the possession of 47m domains in their sequences.

Three members of the this protein family were initially described as putative tumor-
suppressor genes, as their expression is reduced in several epithelial-derived carcinomas,
including lung, prostate, colon and pancreas cancers (Kurochkin et al., 2001). Due to
these features the proteins were called Alex1-3 (Arm-containing protein Lost in Epithelial
cancers linked to the X chromosome). In 2005 Winter and Ponting described in the
Xq22.1-q22.2 region (2.3MB), identifying three previously unrelated protein-coding gene
families, BEX (Brain expressed X-linked), WEX (Wwbp5-like X-linked), and GASP (G-
protein-coupled receptor-associated sorting protein), which have been the product of
multiple gene duplication and large protein coding sequence diversification specific to
eutherian (placental) mammals. They showed that these paralogous genes originated from
a common ancestor gene that underwent multiple events of gene conversion acting on
both 5’UTR sequences and coding sequences; in particular, their 5’UTRs are highly
similar and exhibit a recent ancestry, whereas the protein coding sequences are more

distantly related, representing the main divergent point for the gene sequences.

The GASP family includes 10 genes which official names are: Gpraspl and Gprasp2,
Bhlhb9, Armcx 1-6 and Armc10 (Table 2).

Close to these genes we also found the Armcx6-like pseudogene, located up-stream
Armcx6 sequence and the Armcl0-like pseudo gene, located on 3th chromosome in
human (Table 1). The Armc10-like genetic structure consist in one unique codifying exon
which sequence is identical to Armcl0 one, except for two small regions (34 and 25
amminoacids), corrsponding to Armc10 exon 2 and 6 (Abu-Helo and Simonin, 2010;

Simonin et al., 2004).
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Chromosome Reagion

Oficial Name Synonymus Gene ID
(Homo sapiens)

Armcl0 Gasp8, SVH 7(g22.1) 83787
Armcl0-like Gasp8 isoform 5 3 100510677
Armcexl Gasp7, Alex1 X(q22.1-q22.2) 51309
Armex2 Gasp9, Alex2 X(q22.1-q22.2) 9823
Armcex3 Gasp6, Alex3 X(q22.1-q22.2) 51566

Armcx4 Gasp4 X(q22.1-q22.2) 100131755
Armcex5 Gasp5 X(q22.1-q22.2) 64860
Armcx6 Gasp10 X(q22.1-q22.2) 54470
Armcex6-like Gaspl10¥ X(q22.1-q22.2) 653354
Gpraspl Gaspl, Perl X(q22.1-g22.2) 9737
Gprasp2 Gasp2 X(q22.1-q22.2) 114928
Bhlhb9 Gasp3, p60TRP X(q22.1-q22.2) 80823

Table 2: GASP gene family: official name, synonymous, location on chromosome region and
gene ID. Adapted from (Abu-Helo and Simonin, 2010).

All these genes are localized in the X chromosome (human Xq22.1-Xq22.2 and mouse
X56/57cM), with the sole exception of the Armc10/SVH gene, which mapped to the 7th
human and the 5th mouse chromosome.

All Armcx-coding sequences are contained in a single exon, whereas the Armcl0 is a
typical, multi-exon-containing gene, with the coding sequence split in at least eight exons
(Abu-Helo and Simonin, 2010; Simonin et al., 2004). Four Armc10 splicing variants have
been described: Svh A, -B, -C, -D (Huang et al., 2003).

The Armcx cluster, formed by Armcx1-6 and Armcx6-like pseudogene, originated in
early Eutherian evolution by retrotransposition of an Armcl0 mRNA, and then by
consecutive tandem  duplication events in a rapidly evolving region of the Xq
chromosome, which also includes the Armcx-related G-protein coupled receptor Gasp1-3
genes (Lopez-Domenech et al., 2012).

The Armcex genes are almost ubiquitously expressed (Kurochkin et al., 2001; Simonin et

al., 2004). Some studies point out their expression in the urogenital system: Armcx2 is
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highly expressed during testis development, whereas is little expressed during ovarian
development (Smith et al., 2005); Armcx3 expression is enriched in the initial segment
of epididymis (Hsia and Cornwall, 2004).

Neverthless, the greates expression of these genes, such as for the BEX and WEX ones,
was found in brain, suggesting that these eutherian specific genes are possible candidates
for the adaptive evolution of neocortex, a region of the forebrain which has evolved
considerably in mammals (Simonin et al., 2004).

The precise time-point for the genesis of the Armcex cluster, when key innovations of the
mammalian group took place, namely the origin of a well-developed placenta, or the
increase in complexity of the CNS and the enlargement of the neocortex, suggest that this
cluster has functions related to the above processes. Hence, the origin of the Armcx
cluster may well have been linked to the enlargement of the neocortex, since marsupials

are devoid of the Armcx cluster but have a primitive placenta.

2.2 - Armcx/Armc10 proteins: sub-cellular localization

Armcx/Armc10 proteins belong to a new family whose composition and function has
been emerging in the last years. They all have a highly conserved C-terminal domain
(DUF463) consisting of up to 6 armadillo or armadillo-like tandem repeats (Fig.8). In
contrast the N-terminal region is unrelated among members and is highly variable in
length and sequence, although various members share several common features, such as
an N-terminal signal peptide with a potential transmembrane domain, a putative

mitochondrial targeting sequence and a nuclear localization signal (Fig.8).
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Figure 8: Schematic representation of the Armc10/Armcx proteins. They all have a highly
conserved C-terminal domain (DUF463). The N-terminal region includes an N-terminal signal
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peptide with a potential transmembrane domain, nuclear localization signals and putative
mitochondrial targeting.
Adapted from Lopez-Doménech et al., 2012.

Another important feature that can give clues to shine a light on the Armcx/Armcl0
proteins function is their subcellular localization. Data coming from several and
independent works carried out during the last ten years contribute to add useful
informations about this topic. The subcellular distribution of several Armcx has been
studied either in transfected cells or in cells or organs endogenously expressing them
(Abu-Helo and Simonin, 2010).

Gaspl was found to be mostly located in the cytoplasm (Bartlett et al., 2005; Kiyama et
al., 2006; Martini et al., 2007; Matsuki et al., 2001; Tappe-Theodor et al., 2007; Whistler
et al., 2002). When co-expressed in COS-7 cells (that do not express endogenous Gaspl)
with Period-1, Gasp1 was translocated to the nucleus (Matsuki et al., 2001). In PC12 cells
(that do not express endogenous Gaspl), a minor fraction of Gaspl was found in cell
nuclei and this fraction increased upon nerve growth factor (NGF) treatment (Kiyama et
al., 2006).

Expression of endogenous Gasp2 has been studied in neuroblastoma cells SH-SY5Y
cells, where it has been found localized in the cytoplasm and cell membranes of
undifferentiated cells, and in newly formed neurite-like extensions of retinoic acid-
induced differentiated cells (Horn et al., 2006); moreover it has been identified as a
nuclear phosphoprotein from Hela cells, indicating that it can also be localized into the
cell nucleus (Beausoleil et al., 2004).

Gasp3 overexpressed in PC12 cells was mainly expressed into cytoplasm, although it
could also be detected into nucleus of some cells (Heese et al., 2004).

Alex3 was found exposed on the outer-surface of mitochondria, co-localizing with the
mitochondrial marker protein Cox IV in OBLI cells (Mou et al., 2009). All splicing
variants of Armc10, when overexpressed in QSG-7701 cells (that endogenously express
Armc10), were localized in the cytoplasm (associating with the endoplasmic reticulum)
and nuclear envelope (Huang et al., 2003).

Epitope-tagged Armcx2 transfected in testicular Leydig cells (displaying endogenous
expression of this protein), was detected in discrete membrane structures within the
cytoplasm, but not specifically localizing with either endoplasmic reticulum or

perinuclear Golgi apparatus (Smith et al., 2005).
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A great contribution in the field of subcellular localization of Armcx/Armcl0 proteins
comes from our study (Lopez-Domenech et al., 2012) in which HEK293AD cells were
transfected with cDNAs encoding full-length Armcx1, 2, 3, and 6 protein, showing a
strong colocalization with the mitochondrial marker MitoTracker (Fig.9) and
demonstrating that the Armc10/Armcx cluster encodes for a family of proteins targeted to

mitochondria.

/MitoTracker/Hoechst

Figure 9: Subcellular localization of Armcx proteins. Mitochondrial targeting of Armcl0,
Armcx1, Armcx2 and Armcex6 proteins after transfection of Myc-tagged cDNAs in HEK293AD
cells. Mitochondria were stained with the mitochondrial marker MitoTracker (red) and nuclei
were stained with Hoechst (blue). Scale bars: 10 um. Adapted from Lépez-Doménech et al., 2012.

2.3 - Armcx/Armcl0: proteins function

Little is known about Armcx/Armc10 proteins function, even if several studies point to

their implications in at least two different cellular activities.

2.3.a - Modulation of the activity of G -protein coupled receptors (GPCRs)

GPCRs constitute a large protein family of receptors that sense molecules outside
the cell and activate inside signal transduction pathways and, ultimately, cellular
responses. The ligands that bind and activate these receptors include light-sensitive
compounds, pheromones, hormones, and neurotransmitters, and vary in size from small
molecules to peptides to large proteins. When a ligand binds to the GPCR it causes a
conformational change in the GPCR, which allows it to act as a guanine nucleotide
exchange factor (GEF). The GPCR can then activate an associated G-protein by
exchanging its bound GDP for a GTP (Abu-Helo and Simonin, 2010).

Gpraspl is the most described gene that has been related to the G-protein coupled
receptors (GPCR). Near 30 GPCR has been described to interact with Gpraspl protein
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being implicated in the postendocytic sorting and degradation by lysosomes of these
receptors, including the D2 dopamine receptor (Bartlett et al., 2005), delta opioid receptor
(Whistler et al.,, 2002), D3 dopamine receptor (Thompson and Whistler, 2007),
cannabinoid 1 receptor (Bartlett et al., 2005); (Tappe-Theodor et al., 2007) and GPR55
(Ritter and Hall, 2009).

Very recently GASP-1 knockout mice have been generated (Boeuf et al., 2009). GASP-1
KO animals are healthy and had no gross abnormalities. Moreover, targeted deletion
of Gpraspl did not alter the overall brain architecture or the general behavior of mice in
home cage conditions.

GASP-1 KO and wild-type (WT) mice were tested for sensitization to the locomotor
effects of cocaine. Following sustained cocaine administration, acute and sensitized
cocaine-locomotor effects were analyzed, resulting attenuated in KO mice. Moreover, a
decrease in the percentage of animals that acquired cocaine self-administration was
observed in GASP-1-deficient mice, which was associated with pronounced down-
regulation of dopamine and muscarinic receptors in the striatum (Kargl et al., 2011).
These data indicate that GASP-1 participates in acute and chronic behavioural responses
induced by cocaine and are in agreement with a role of GASP-1 in postendocytic sorting
of GPCRs. However, in contrast to the previous studies, these data suggest that upon
sustained receptor stimulation GASP-1 stimulates recycling rather than receptor
degradation.

Gasp2 also has been related to GPCRs, since it is able to interact with D2 dopamine
receptor, B-1 and -2 adrenergic receptors and calcitonin receptor (Simonin et al., 2004);
(Thompson and Whistler, 2007). All together these date indicate that this function could

be present on other Armex/Armc10 proteins.

2.3.b - Transcriptional Regulation

There are several lines of evidence suggesting that different members of the GASP family
could be implicated in the modulation of transcription. The first one came from the
shared nuclear localization signal (Mathis et al., 2010) and their putative subcellular
localization into nuclear compartment, at least for some members or under particular
physiological conditions.

Matsuki et al. (2001) demonstrated that GASP-1 can interact with Period-1 and that co-

expression of both proteins in the same cells promotes the targeting of GASP-1 to the
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nucleus. In a second study, the same group showed that NGF treatment of PC12 cells
caused a nuclear translocation of Gaspl (Kiyama et al., 2006). Moreover, NGF rescue of
PC12 cells from apoptotic cell death was diminished in cells transfected with GASP-1
siRNA. Again, although there was no direct demonstration, these data suggest that, upon
NGF-mediated nuclear translocation, GASP-1 can modulate transcription thus protecting
cells from apoptosis (Kiyama et al., 2006).

Gasp3 has been officially named bHLH-B9 due to the presence in its sequence of a
putative basic helix-loop-helix motif characteristic of the family of bHLH transcription
factors. When transfected in CHO cells, Gasp3 was detected mainly in the cytoplasm, but
also in the nucleus of some cells (Heese et al., 2004). On the other hand, Gasp3 knock-
down PC12 cells were slightly more sensitive to apoptosis induced by serum withdrawal.
Moreover, Suwanwela et al. identified Gasp3 as a novel gene involved into chondrocyte
development (Suwanwela et al., 2010).

As for Gaspl, these data suggest a possible involvement of Gasp3 in transcriptional
modulation but there is still no direct demonstration of any transcriptional activity or
direct interaction with DNA or other bHLH transcription factors.

Experimental data suggesting an implication of Armcx3 in the modulation of
transcription are much stronger. As indicated above, Armcx3 has been shown to be
localized in the outer membrane of mitochondria where it can interact with the
transcription factor, Sox10 (Mou et al., 2009). Moreover, overexpression of Armcx3 was
shown to increase the amount of Sox10 in the mitochondrial fraction, and transactivation
of the gene promoters for the Acetylcholine receptor a 3 and B 4 subunits was enhanced
by Armcx3. Mou and collaborators proposed that the interaction between Armcx3 and
Sox10 within the cytoplasm could lead to post-translational modifications of Sox10 that
may result in an increased transcriptional activity once transported into the nucleus (Mou
et al., 2009). This study is particularly interesting since Sox10 has been implicated in
several processes of central nervous system development, including differentiation
(Herbarth et al., 1998), and specification of neural crest-derived sensory neurons (Carney
et al., 2006; Elworthy et al., 2003; Elworthy et al., 2005).

The i1soform B of Armc10 has been shown to accelerate cell growth when overexpressed
in a normal liver cell line (QSG-7701), and inhibition of this isoform in hepatoma cells
induces cell apoptosis (Huang et al., 2003; Zhou et al., 2007). Furthermore, this induction

of apoptosis was shown to be dependent on p53, and a direct interaction between both
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proteins was demonstrated. Finally, Zhou et al. showed that this isoform inhibits the
transcriptional activity of p53 in cell lines, although the molecular mechanism
modulating this regulation needs to be clarified (Zhou et al., 2007).

In conclusion, several data suggest that Gaspl and Gasp3 could be involved in the
modulation of transcription via their targeting to the cell nucleus, while Armcx3 and
Armcl0 have been convincingly shown to modulate transcription through their

interaction with transcription factors.

2.3.c - Alex3 function in mitochondria: preliminary data

To gain insight into the functional role of Alex proteins, several experiments were
performed previously by our group. We confirmed Alex3 mitochondrial localization by
immunofluorescence analysis and immunogold electron microscopy performed in
transfected HEK293AD cells (Fig.10a-b).

To study the role of endogenous Alex3 protein in neurons, we examined its subcellular
distribution in cultured hippocampal neurons (Fig.10c-e). Again, these cells exhibited
strong cytosolic Alex3 signals, which colocalized with the mitochondrial network in cell
bodies, axons and dendrites. In addition, Alex3 signals were distributed throughout the
cytosol. These signals showed strong colocalization with the actin cytoskeleton,
particularly in neurites and growth cones. Finally, many neurons exhibited Alex3-
immunostaining in nuclei. We thus conclude that endogenous Alex3 protein is localized

in at least three neuronal pools and compartments: mitochondria, nucleus and cytosol.
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Figure 10: Alex3  subcellular
localization in HEK293AD and
hippocampal neurons at 15 DIV. (a)
Confocal images showing that Alex3
(green) colocalizes with mitochondria
in HEK293AD cells; cells were stained
with  MitoTracker. (b)  Electron
microscopy images of HEK293AD
cells transfected with an empty vector
or with an Alex3 expression vector,
illustrating Alex3 localization (gold
particles) around mitochondria (mit).
(c-e) Immunolocalization of Alex3
protein in cultured hippocampal
neurons at 15 DIV. Endogenous Alex3
shows a heterogeneous distribution.
Alex3 (green) localizes in nuclei, as
shown by colabelling with the nuclear
marker Hoechst (blue) (c¢); in
cytoplasm, which shows a punctate
pattern  that corresponds to the
mitochondrial compartment stained
with MitoTracker (red) (d); and in the
cytosol, colocalizing with Actin
staining (red), particularly in growth
cones (arrow) (e). Scale bars: 15 um
(a), 0.02 um (b) and 5 um (c-e). DIV =
days in vitro.

Adapted from Lépez-Doménech et al.,
2012.

Moreover, we identify the protein regions required for mitochondrial targeting, showing

that the N-terminal sequence of Alex3 is necessary and sufficient to target the Alex3

protein to the mitochondrial network (Lopez-Domenech et al., 2012). In fact, deletion of

the first 12 aminoacids at N-terminal of the protein (GFP-Alex3A1-12 fusion protein)

abolishes mitochondrial targeting and, interestingly, led to nuclear localization of the

mutant form (Fig.11).
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Figure 11: Alex3 N-terminal tail is necessary to target Alex3 to mitochondria. HEK293AD
cells were transfected with full-length Alex3-GFP or C-terminal deletion mutant Alex3A(1-12).
Alex3A(1-12) abolishes mitochondrial localization and leads to nuclear localization. (Nuclei were
stained with Hoechst). Scale bar: 10um. Adapted from Lopez-Doménech et al., 2012.

To study whether Alex3 proteins regulate the bioenergetic mitochondrial state or Ca*"
handling, we performed several experiments, concluding that Alex3 protein is not
involved in mitochondrial respiration, DNA copy number determination, mitochondrial
membrane potential regulation, or Ca’” homeostasis and handling in mitochondria
(Lopez-Domenech et al., 2012).

During the above experiments, we noted that cells transfected with Alex3 (as well as
Alex1, 2, 6 and Armcl0) exhibited altered mitochondrial networks. In particular,
HEK293AD cells transfected with Alex3 presented abnormal, aggregated-like
mitochondrial networks: 33% showed strongly aggregated phenotypes, in which virtually
all the mitochondria were concentrated in large, single aggregates near the nucleus; the
55% showed variable and intermediate degrees of clustered and aggregated mitochondria,
in which these organelles were often aggregated in several clusters; the remaining 12%
showed a normal phenotype (Fig.12a,c).

In similar way, hippocampal cultures transfected with Alex3 also presented alterated
mitochondrial network: 23% of neurons displayed mitochondria completely aggregated in
peri-nuclear clusters; 62% of neurons displayed intermediate phenotypes with mildly
aggregating mitochondria; the remaining 15% showed a normal phenotype (Fig.12a,b).
Electron microscopy analysis of Alex3-transfected hippocampal neurons confirmed that
Alex3 leads to the aggregation of mitochondria in both the cell bodies and neuritis

(Lopez-Domenech et al., 2012). Taken together, the above data suggest that the
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Armc10/Armcx gene cluster (and particularly Armcx3) encodes for proteins involved in

mitochondrial aggregation and dynamics.

Figure 12: Alex3 overexpression
severely alters mitochondrial
morphology and distribution,
leading to a  perinuclear
clustering and  aggregation.
Overexpression of Alex3 in
HEK293AD (a) or Alex3-GFP in
12 DIV hippocampal neurons (b)
induce severe alterations in the
morphology and distribution of the
mitochondrial net when compared
with the expression of a control
y vector (pcDNA in HEK293AD or
® Normal Mild-phenotype 1 Aggregated MitDsRed in neurons). Scale bars:
15 pm. (c¢) Quantification and
graphical representation (mean =+
HEK293AD Neurons standard deviation) of the above
100 1 mentioned subpopulations of Alex3
. or ALEX3-GFP-overexpressing
cells.
Adapted from Lopez-Doménech
etal., 2012.
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2.4 - Armcx/Armc10 genes implications in neurodegeneration and cancer

The involvement of Armcx/Armcl0 genes in disorders and pathologies is not yet well
know, but several data show their implication in both neurodegenerative diseases and

cancer.

2.4.a - Armcex/Armcl0 genes implications in neurodegenerative disorders

The expression of several Armcx/Armcl0 genes has been found altered in subsets of
neurodegenerative disorders.

GPRASP1 was identified as a new binding partner of Ataxin7, a component of
chromatin-remodeling complex implicated in Spinocerebellar ataxias 7, possibly
contributing to the pathophysiology of this disease (Abu-Helo and Simonin, 2010).

In a study by Piton et al. (2010), the GPRASP2 gene was identified as a genetic factor

whose non-synonymous rare variants could predispose to Autism spectrum disorder and
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schizophrenia. GPRASP2 and Armcx4 expression were found highly deregulated in
sporadic Parkinson disease and both were included in a list of 892 genes that are
considered to form the core of the diseased Parkinsonian metabolic network (Moran and
Graeber, 2008). Moreover GPRASP2 can interact with the Huntington's disease protein
huntingtin (htt) and the two proteins colocalize in SH-SYSY cells, raising the possibility
that htt and GASP2 could interact in neurons (Kahle et al., 2010).

The Bhlhb9 transcript is down-regulated in the brain of AD subjects, suggesting an
involvement in cellular survival control (Heese et al., 2004). Furthermore, using a
transgenic mouse model overexpressing Bhlhb9, Mishra et al. demonstrated that Bhlhb9
protein modulates the phosphorylation and proteolytic processing of amyloid precursor
protein (App), promoting neurosynaptogenesis and increasing synaptic connections and
plasticity. They propose a neuroprotective role for Bhlhb9, of putative interest for

treatment of Alzheimer disease (Mishra et al., 2011).

2.4.b - Armcex/Armcl0 genes implications in cancer

Armadillo domains form a versatile platform for interaction with many protein partners
and have been found in a wide range of proteins related to the Wnt/ B-catenin signaling
(Tewari et al.). Several alterations in Wnt signaling pathway are implicated in
tumorigenesis, for this reason it has attracted considerable attention at several molecular
levels.

Strong evidences support an implication of Armcx/Armcl0 genes in tumorigenesis and
cancer. Amcx1 and Armcx2 were initially described as genes lost in human lung, prostate,
colon, pancreas, and ovarian carcinomas and also in cell lines established from different
human carcinomas (Kurochkin et al., 2001). The low mRNA expression of those genes
led the authors to propose a possible role as tumor suppressors in epithelial tissue.
Moreover, the overexpression of Alex1 seems to play a negative role in human colorectal
tumorigenesis, as it suppress the anchorage-dependent and independent colony formation
of human colorectal carcinoma cell lines (Iseki et al., 2012).

Furthermore, Armcx1 has been found repressed in adenocarcinomas induced by targeted
expression of the serine threonine kinase c-Raf (Mishra et al.,, 2011) and the
hypermethylation of its promoter has been identified as biomarkers for diagnosis of
ovarian cancer (Gloss et al., 2011).

The expression of Armcx2 has been found increased in a set of patients with fragile X
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syndrome, in which cancer incidence is lower than in the general population, indicating
that it may act as potential protector for cancer development (Tuszynski et al., 2011).
Bhlhb9 has been also proposed as tumor suppressor, since the hypermetilation of CpG
island in the Bhlhb9 promoter, resulting in a silenced gene expression, has been found in
the colorectal cancer cell line HCT-116 (Rosales-Reynoso et al., 2010).

Another link between Armcx/Armc genes and tumorigenesis comes from studies about
the transcriptional regulation of Armcx genes. It was found that Armcx1 expression is
regulated by the Wnt/B-catenina signalling in a CRE-dependent manner; furthermore
mutation of a cyclic AMP response element (CRE) and an E-box impaired the basal
activity of Armcx1 promoter in colorectal and pancreatic cancer cell lines (Iseki et al.,
2012); these data suggest that Alex1 might act as a negative regulator of cell proliferation
promoted by aberrant activation of Wnt/B-catenina pathway.

Another link between Armcx/Armc genes and tumorigenesis comes from studies about
the transcriptional regulation of Armcx genes. It was found that Armcx1 expression is
regulated by the Wnt/B-catenina signalling in a CRE-dependent manner; furthermore
mutation of a cyclic AMP response element (CRE) and an E-box impaired the basal
activity of Armcx1 promoter in colorectal and pancreatic cancer cell lines (Iseki et al.,
2012); these data suggest that Alex1 might act as a negative regulator of cell proliferation
promoted by aberrant activation of Wnt/B-catenina pathway. Moreover, Armcx3 and
Armcx2 are downregulated in XX gonad, where mesonephric cell migration and testis
vascular development are inhibited by Wnt4 signaling (Krig et al., 2007), suggesting a
redoundant role in gonad development.

An increased expression of several Armcx/Armc cluster genes (Armcx5, Gprasp2 y
Bhlhb9) has been correlated with a propensity to develop metastasis from neck
squamous-cell carcinoma (Rickman et al., 2008).

Gpraps1 has been also proposed as a potential biomarker in breast cancer (Rohrbeck and
Borlak, 2009) since it has been found in sera of patients with early stage disease but
absent in sera of normal patients.

The B isoform of ArmclO transcript has been proposed to play a pivotal role in
hepatocarcinogenesis; it was identified as up-regulated in the clinical hepatocellular
carcinoma and its overexpression in Human liver cell line QSG-7701 induces an
accelerated growth rate and tumorigenicity in nude mice, whereas inhibition of SVH-B in

hepatoma cell line BEL-7404 induces apoptosis (Huang et al., 2003).
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In summary, some genes belonging to Armcx/Armcl10 gene family have been described
as tumor suppressor, other ones have been showed accelerate tumorigenicity; taken
together these data sustain the strong implication of Armcx/Armcl0 genes in cancer,
suggesting that the function of each gene can change depending to the cellular context or

tissue.
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3. — Early Development of Neural Tube

3.1 - Introduction

During gastrulation, the invagination of the developing embryo (which starts out as a
single sheet of cells) produces the three germ layers: the outer layer, or ectoderm; the
middle layer, or mesoderm,; and the inner layer, or endoderm
(http://www.ncbi.nlm.nih.gov/books/NBK10993/). Gastrulation defines the midline and
the anterior-posterior axes of all vertebrate embryos as well.

One key consequence of gastrulation is the formation of the notochord, a distinct cylinder
of mesodermal cells that extends along the midline of
the embryo from anterior to posterior level. The notochord forms from an aggregation
of mesoderm that invaginates and extends inward from a surface indentation called
the primitive pit, which subsequently elongates to form the primitive streak. As a result of
these cell movements during gastrulation, the notochord defines the embryonic midline

(Placzek, 1995; Purves, 2001) (Figl3.a).
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Figure 13: Initial Formation of mammalian Nervous System: Gastrulation and Neurulation.
(a) Schematic dorsal view of the embryo at late gastrulation (left); Midline cross section
through the embryo at the same stage (right). (b) Sections through the embryo at different stages
of neurulation. Adapted from Purves et al., 2001.

The notochord sends inductive signals to the overlying ectoderm that cause a subset of
neuroectodermal cells to differentiate into neural precursor cells. During this process,
called neurulation, the midline ectoderm containing these cells thickens into a distinct
columnar epithelium called the neural plate, that begins to fold on itself, forming the
neural groove and ultimately the neural tube (Figl3.b).

The mesoderm adjacent to the tube then thickens and subdivides into structures
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called somites, the precursors of the axial musculature and skeleton. As development
continues, the neural tube adjacent to the somites becomes the rudimentary spinal cord,
and the neural crest gives rise to sensory and autonomic ganglia (the major elements of
the peripheral nervous system). Finally, the anterior ends of the neural plate (anterior
neural folds) grow together at the midline and continue to expand, eventually giving rise
to the brain (Figl3.b).

Different regions of the neural plate have different characteristics as a result of caudal
regression of the organizer (Hensen’s node in chick). Thus, the neural plate is organized
in the anterior-posterior direction and this regionalization is in part controlled by Wnt
signalling (Nordstron et al., 2002), ending up with two structural and functionally
different structures: a rostral or cephalic region (where the brain will form) and a caudal
region (giving rise to the spinal cord). Togheter with antero-posterior cell specification
processes, changes in shape of the neural tube take place. In the cephalic region, the wall
of the tube grows to create a series of swellings and contrsictions that define the various
brain compartments, while the neighbor caudal region, the developing spinal cord,
remains as a simple tube that elongates concomitantly to caudal body axis extension

(although transient segments are visible).

3.2 - Dorsoventral patterning of spinal cord

When the neural tube first forms, its walls are composed by bipolar shaped cells spanning
the entire width of the tube, forming a typical pseudostratified epithelium. At this stage,
the majority of the cells proliferate defining the germinal neuroepithelial layer known as
the Ventricular Zone (VZ). This is a rapidly dividing cell population, in which the nuclei
are located at different relative positions according to the cell cycle. DNA synthesis (S
phase) occurs while the nucleus is at the outside edge of the tube, and mitosis (M phase)
occurs on the luminal side of the cell layer (Fig.14). Shortly after neural tube closure,
scattered neural precursors stop dividing and detach from the apical luminal side of the
tube. As a consequence, these postmitotic cells begin to differentiate and move basally
through the neural epithelium. The region of the neural tube peripheral to the
neuroepithelial cells and where postmitotic cells accumulate and terminally differentiate

into both neurons and glia is called Mantle Zone (MZ) (Boudler Commitee et al., 1970).
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Figure 14: Regionalization of the
developing spinal cord. (A)
Transverse section of an early
neural tube showing precursors
cell cycle dynamics. (B)
Schematic representation of a late
spinal cord section showing the
basic anatomical distribution of
mitotically active (ventricular
zone, VZ) and postmitotic
(marginal  zone, MZ) cell
populations.

During development, the distinct neuronal subtypes will emerge in a precise spatial order

from progenitor cells arrayed along the dorsal-ventral axis of the neural tube (Fig.15.a),

and this pattern of neurogenesis is controlled by secreted signals that pattern neural

progenitor cells into spatially discrete domains (Briscoe et al., 2000; Guillemot, 2007;

Ruiz 1 Altaba, 1994) (Fig.15.b). Although the roof plate and floor plate do not directly

participate in neurogenesis, these groups of cells form important embryonic organizing

centers that provide the inductive signals necessary to specify the spatial coordinates of a

precursor cell along the DV axis (Fig.15.a). Selective removal of the roof plate results in

the loss of the most dorsal interneurons (Lee et al., 2000), while deleting the notochord

results in the loss of ventral phenotypes (Van Straaten and Hekking, 1991) .
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Figure 15: Diagram of transverse section of the developing spinal cord. (a) The lumen of the
neural tube is surrounded by a layer of proliferative progenitor cells (VZ) that eventually
differentiate into postmitotic neurons distributed laterally (MZ). Different subtypes of progenitors
and their postmitotic derivates are distributed in a specific order along the dorso-ventral axis. This
patterning is established by the action of s Shh gradient, secreted from the notochord (N) and the
floor plate (FP), and Wnts and Bmps gradients, produced by the roof plate (RP). (b,c)
Specification of neuronal fates resulting from expression of several combination of transcription
factor along dorso-ventral axis, at two subsequent chicken spinal cord developmental stages.
Adapted from Le Dreau and Marti, 2012.

Many classes of secreted factors have been implicated in the acquisition of spinal cord
phenotype: BMP and Wnt signals secreted from the roof plate and the overlying ectoderm
initiate the patterning of the dorsal neural tube (Lee and Jessell, 1999; Roelink, 1996),
whereas the secretion of Shh from the notochord and floor plate has a key role in
establishing ventral neuronal fates (Briscoe et al., 2000; Chiang et al., 1996; Ericson et
al., 1996), (Fig.15.a).

Together these inductive signals regulate the expression patterns of different transcription
factors (Pax6, Pax7, Dbx1, Irx3, Nkx2.2 or Olig2 among others) in partially overlapping
domains within the ventricular epithelium in which progenitor cells are located (Ericson
et al., 1997), (Fig.15.b). The expression profile along the DV axis of these transcriptional

regulators controls the genetic network necessary for the anatomical segregation of each
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neuronal subtype (Lee et al., 2008), giving rise to sensory neurons in the dorsal spinal
cord and visceral or somatic motor neurons in the ventral spinal cord (Lee and Jessell,
1999). Several interneuron populations connect these two populations, forming distinct
axonal trajectories and circuits. There are many molecular markers of neuronal
populations in the spinal cord that allow us to identify further sub-groups of postmitotic
differentiated neurons: the dorsal interneurons are subdivided into 6 groups (dI1-6), while
ventral neurons are divided into 5 groups of interneurons and motoneurons

(vO,v1,v2,MN, v3; Fig.15.c).

3.3 - Cell specification along the dorsoventral axis: Shh signaling

3.3.a - Canonical Shh Signalling

The differentiation of the ventral cell types is triggered by signals provided initially by an
axial mesodermal cell group, the notochord, and later by floor plate cells (Patten et al.,
2003; Placzek, 1995). The main signalling activities of the notochord and floor plate are
mediated by a secreted protein, Sonic hedgehog (Shh) (Patten and Placzek, 2000),
diffunding form a ventral (high) to dorsal (low) expression gradient (Marti et al., 1995;
Roelink et al., 1995).

Canonical Shh signaling occurs via a derepression mechanism involving the multiple-
pass transmembrane receptor Patched (Ptch) and the G-protein-coupled receptor-like
molecule Smoothened (Smo). In the absence of Shh, Ptch represses Smo activity. Shh
binding to Ptch relieves this repression, allowing Smo to translocate to the primary cilium
where it activates intracellular signaling pathways. This activation of Smo ends in
transcriptional activity, via its regulation of Gli transcription factors that can activate or
repress Shh target genes (Marti and Bovolenta, 2002).

In vertebrates, three Gli transcription factors (Glil - Gli3) have been described, all of
which are expressed in the developing neural tube (Jacob and Briscoe, 2003; Lee et al.,
1997; Ruiz i Altaba, 1994; Wilson and Stoeckli, 2012). While Gli2 and Gli3 both have
transcriptional activator and repressor activities, Glil is solely a transcriptional activator
(reviewed by Ruiz 1 Altaba ef al., 2007). Each Gli family member responds differently to
Shh. In the absence of Shh, Gli2 is fully degraded, while Gli3 is converted (via
proteolytic processing of its C-terminus) to a repressor of transcription (Gli3R). When

Shh is present, Glil expression is induced and proteolysis of Gli2 and Gli3 is inhibited,
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allowing full-length activator forms of Gli proteins to be accumulated. The Gli
transcriptional activators then induce the expression of Shh pathway target genes (Aza-

Blanc et al., 2000; Dai et al., 1999; Pan et al., 2006; Ruiz i Altaba, 1994).

3.3.b - Shh defines cell fate in the ventral spinal cord

Ectopic expression of Shh in vivo and in vitro can induce the differentiation of floor
plate cells, motor neurons and ventral interneurons (Ericson et al., 1996; Marti et al.,
1995; Roelink et al., 1995). Conversely, elimination of Shh signalling from the notochord
by antibody blockade in vitro (Ericson et al., 1996; Marti et al., 1995; Roelink et al.,
1995) or through gene targeting in mice (Chiang et al., 1996), prevents the differentiation
of floor plate cells, motor neurons and most classes of ventral interneurons (Chiang et al.,
1996; Pierani et al., 1999).

Progressive two- to three-fold changes in Shh concentration generate five molecularly
distinct classes of ventral neurons from neural progenitor cells in vitro (Ericson et al.,
1997). Moreover, the position of generation of each of these neuronal classes in vivo is
predicted by the concentration of Shh required for their induction in vitro. Neurons
generated in progressively more ventral regions of the neural tube require
correspondingly higher concentrations of Shh for their specification (Ericson et al.,
1997). Although these findings support the idea that the position of a progenitor cell
within a ventral-to-dorsal gradient of Shh signalling activity directs its differentiation into
specific neuronal subtypes, they pose the problem of how neural progenitor cells interpret
graded Shh signals. Recent studies have provided evidence that a group of homeodomain
proteins expressed by ventral progenitor cells act as intermediary factors in the
interpretation of graded Shh signalling (Ericson et al., 1997; Pierani et al., 1999). These
transcription factors are subdivided into two groups, termed class I (Pax7, Dbx1, Dbx2,
Pax6, Irx3) and II (Nkx2,2, Nkx6.1) proteins, on the basis of their mode of regulation by
Shh signaling (Briscoe et al., 2000). The class I proteins are constitutively expressed by
neural progenitor cells, and their expression is repressed by Shh signaling, whereas neural
expression of the class II proteins requires exposure to Shh (Briscoe et al., 2000; Ericson
et al., 1996; Pabst et al., 2000; Vallstedt et al., 2001). Due to the Shh mediated regulation
of their expression, progenitor domains are delimitaded by the ventral boundaries of each
class I protein and by dorsal boundaries of each class II (Fig.16). The combinatorial

expression profile of these two classes of homeodomain proteins defines five cardinal
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progenitor cell domains within the ventral neural tube (Fig.16a-c).

MNkxE. 1 Nkx2 2

Figure 16: Shh-mediated ventral neural patterning. (a) Shh mediates the repression of class |
homeodomain proteins (Pax7, Dbx1, Dbx2, Irx3 and Pax6) and the induction of expression of
class II proteins (Nkx6.1 and Nkx2.2) at different threshold concentrations. (b)The pairs of
homeodomain proteins that abut a common progenitor domain boundary (Pax6 and Nkx2.2; Dbx2
and Nkx6.1) repress each other’s expression. (¢) Shh signalling defines five progenitor domains
in the ventral neural tube and the relationship between neural progenitor (p) domains and the
positions at which post-mitotic neurons are generated along the dorso-ventral axis of the ventral
spinal cord.

Adapted from Jessell TM, 2000.

How do these homeodomain proteins convert a gradient of extracellular Shh signalling activity
into discrete progenitor domains? This feature is achieved through selective cross-
repressive interactions between the complementary pairs of class I and class II
homeodomain proteins that abut the same progenitor domain boundary (Briscoe et al.,
2000) (Figl7.b). Such interactions seem to have three main roles. First, they establish the
initial dorsoventral domains of expression of class I and class II proteins. Second, they
ensure the existence of sharp boundaries between progenitor domains. Third, they help to
relieve progenitor cells of a requirement for Shh signaling, consolidating progenitor
domain identity.

Although manipulation of Shh signaling changes the pattern of class I and class II gene
expression in predictable fashion (Briscoe et al., 2001), it remains unclear how graded
Shh signaling controls the early steps of differential gene expression in the ventral neural

tube.
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3.4 - Cell specification along the dorsal axis: Wnt B-catenin signaling

3.4.a - Canonical Wnt Signaling

The Wnt family consists of a group of proteins acting in multiple signaling pathways,
binding to cell surface receptors to activate signaling cascades (Ille and Sommer, 2005;
Kohn and Moon, 2005; Montcouquiol et al., 2006). Wnt proteins can activate signaling
cascades, including the canonical Wnt signaling pathway, the Wnt/PCP pathway and the
Wnt/Calcium pathway. Each of these pathways, although distinct, appears to be
transduced initially through Dishevelled (Dvl), a cytoplasmic multi-functional protein.

In the canonical Wnt pathway (Fig.18), transcriptional activity is regulated by B-catenin,
a bifunctional protein that either regulates gene expression, when translocated to the
nucleus, or acts as a linker between surface receptors and the cytoskeleton. In particular,
Wnt signal integration remains enigmatic due to the complexity of the signal transduction
mechanism, which includes numerous, dynamic molecular components (Wodarz and
Nusse, 1998).

In the canonical pathway, in absence of Wnt signaling, B-catenin is part of a complex
containing GSK-3f, Axin, adenomatous polyposis coli (APC) tumor suppressor protein
and CK1. In this complex, beta-catenin is phosphorylated by GSK-3f leading to its
ubiquitination and subsequent proteosomal degradation. Upon Wnt stimulation to
Frizzeled receptor and Lrp5/6 co-receptor, Dvl blocks the formation of the protein
complex and beta-catenin phosphorylation with its subsequent degradation does not
occur. The accumulation of free -catenin results in its nuclear translocation (Yost et al.,
1996). In the nucleus, B-catenin binds to the transcription factors TCF/LEF (Behrens et
al., 1996; Hart et al., 1999), leading to transcriptional activation of multiple target genes
such as c-myc and Cyclin-D1 (Fig.17).
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Figure 17: The canonical Wnt pathway. Canonical Wnt pathway is initiated by binding of Wnt
ligands to Frizzled receptor and LRP5/6 co-receptor. The key mediator of the canonical Wnt
pathway is #-catenin, whose half-life depends to the activity of a complex containing axin, APC,
GSK3# and CKI1. In the absence of Wnt, £#-catenin is sequentially phosphorylated by CK1 and
GSK3 £ leading to proteasomal degradation. Members of the TCF/LEF family remain inactivated
in the nucleus. Following Wnt stimulation, the complex disgregates and unphosphorylated 3-
catenin accumulates and subsequently translocates to the nucleus, where it acts as a
transcriptional co-activator for TCF/LEF target genes like Cyclin D1 and c-myc.

Although this model provides a framework for understanding the Dvl/Axin relationship
in the context of canonical Wnt signaling, there is evidence that other proteins are
associated with this complex and can potentiate Dvl/Axin-mediated Wnt signaling as well
(Chen et al., 2006; Ding et al., 2008). Thus, a more complete understanding of the
dynamics and constituents of the Dvl/Axin complex is necessary to fully understand the

processes that control canonical Wnt signaling.

3.4.b - Wnt defines cell fate in the dorsal spinal cord

Several lines of evidence support the idea that Wnts are involved in dorsoventral
patterning of the neural tube. Muroyama and colleagues demonstrated
that Wnt1/Wnt3a double mutant mice show reduced numbers of the most dorsal (dI1-
dI3) interneurons, and a compensatory increase in intermediate interneurons (Muroyama
et al., 2002). Similarly, expression of the secreted Wnt antagonist Dickkopf in zebrafish
resulted in the loss or reduction of dorsal progenitor cell types (Bonner et al., 2008).
Disruption of B-catenin also results in patterning defects in the dorsal neural tube:

expression of a constitutively active form of B-catenin results in ectopic expression of
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Olig3, a bHLH transcription factor that is essential for the correct specification of dI1—
dI3 neurons (Teo et al., 2006), while the conditional loss of B-catenin in neural
progenitors prevents Olig3 expression (Zechner et al., 2007).

Further experiments in chick embryos suggested that Wnt/B-catenin not only induces
dorsal cell types but also inhibits ventral cell types (Alvarez-Medina et al., 2008). Ectopic
activation of Wnt/B-catenin in the chick neural tube expanded the expression domains of
dorsal markers such as Pax6 and Pax7, but also inhibited the expression of ventral makers
such as Olig2 and Nkx2.2. Conversely, inhibition of the Wnt/B-catenin pathway by
expression of dominant-negative Tcf not only repressed the expression of dorsal cell
subtypes but also resulted in an expansion of the ventral markers (Alvarez-Medina et al.,
2008). Taken together, the results suggest a model in which the secretion of Wntl/Wnt3a
from the dorsal neural tube simultaneously induces dorsal cell types and repressing
ventral cell types.

The activation of B-catenin appears to antagonize the activity of Shh in neural tube
patterning and it can actuate following several mechanisms: (i) Wnt/B-catenin acts
indirectly on patterning by affecting other signaling molecules downstream of Shh, such
as the Glis; and (ii) Wnt/B-catenin directly regulates patterning molecules that oppose
those of Shh/Gli, acting in parallel to Bmp-mediated patterning of the dorsal neural tube
(Ulloa and Marti, 2010).

3.5 - Growth in neural tube

The CNS develops from neuroepithelial progenitor cells that generate a large variety of
differentiated neuronal and glial progeny (Bystron et al., 2008; Donovan and Dyer, 2005).
Neural progenitors (NPCs) can undergo three distinct models of divisions during
development of the vertebrate CNS (Franco and Muller, 2013): self-expanding symmetric
proliferative (PP, generating two daughters with identical progenitor potential), self-
renewing asymmetric (PN, generating at least one cell with a more restricted potential
than the parental cell), and self-consuming neurogenic (NN, generating two cells
committed to differentiation) (Farkas and Huttner, 2008).

The mechanisms controlling the balance between these different modes of division and
the global balance between proliferation and differentiation are not yet understood, but it

is emerging, from studies performed in mammalian cerebral cortex, that a determinant
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key is the length of the different phases of NPCs cell-cycle. Particularly, Calegari and
Huttner proposed the “cell cycle length model”, which suggested that lengthening G1
alone is sufficient to induce neuroepithelial cell differentiation (Calegari and Huttner,
2003). According to this model, cell fate determinant(s) may, or may not, induce a cell
fate change of neural progenitors depending on whether or not the length of G1 provides
enough time for the cell fate determinant-produced effect(s) to become effective. In
essence, a relatively long G1 may allow the switch to neurogenesis, while a short G1 may
not (Calegari and Huttner, 2003). A more recent study showed that cell-cycle regulation
of NPCs involved alteration not only in Gl-phase but also in S-phase duration. The
length of these cell-cycle phases seems to be differentially linked to NPCs proliferation
versus differentiation, with G1-phase lengthening being associated with the transition to a
more differentiated NCP type, and maintenance of a long S-phase with NPC expansion
(Arai et al., 2011). However, we are still far from understanding the determinants playing
a role in cell cycle changes.

Progression through the cell cycle is driven by cyclin-dependent kinases (CDK) and their
activating Cyclin (CCN) partners. Specific combinations of CDK/Cyclin heterodimers
allow progression through specific phases of the cell cycle. CDK/Cyclin activity is
suppressed by interaction with two main groups of inhibitor proteins belonging to the
INK4 and CIP/Kip families. The rate of cell cycle progression is determined by the
relative abundance of these positive and negative regulators. The importance of this
process also lies in the coordination of proliferation, fate specification, and differentiation
(Dehay and Kennedy, 2007; Ulloa and Briscoe, 2007).

The G1 phase is positively regulated by the action of three Cyclin D proteins, which link
extracellular mitogenic signals to the core cell cycle machinery (Lobjois et al., 2004),
driving the cell into S fase. In addition to their positive cell-cycle control function, Cyclin
Ds have been implicated in a number of other cellular activities (Fu et al., 2004).
Interestingly, recent studies have proposed that several Cyclins can modulate progenitors
fate in a manner independent from their function in cell cycle progression, as reported for
Cyclin D1 in promoting neurogenesis in the embryonic murine spinal cord (Lukaszewicz
and Anderson, 2011). Moreover, these cell cycle regulators can directly participate in the
transcriptional regulation of factor essential for stem cells identity: for istance, Cyclin D1
was reported to bind to regulatory regions of genes belonging to Id family and Notch

signaling pathway (Bienvenu et al, 2010) or repress the basic Helix-loop-helix
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transcription factor BETA2/NeuroD (Ratineau et al., 2002).
These results point ut to the notion that cell cycle regulation and cell fate decision are not
also simply coordinated, but share commun regulators and are extremely linked also at

molecular level.

3.6 - Wnt canonical pathway involvement in neuronal differentiation and cell

proliferation

In the last years several evidences about the Wnt-dependent control of neuronal
differentiation and NPCs proliferation during CNS development have been accumulated.
Loss- and gain of function analysis for the B-catenin locus, performed in mouse, showed
that after ablation of B-catenin, the tissue mass of the spinal cord and several brain areas
(including cerebral cortex and hippocampus) are reduced, the neural precursor population
is not maintained and neural differentiation is promoted (Machon et al., 2003; Zechner et
al., 2003). Conversely, the chick spinal cord or the brains from mice that express
activated P-catenin have an enlarged mass with an increased population of neuronal
precursors (Megason and McMahon, 2002; Zechner et al., 2003). Moreover, in cultured
embryonic stem cells, the enhancement of B-catenin signaling following RA treatment,
significantly increases the numbers of neurons generated (Otero et al., 2004). More recent
studies showed that inhibition of Wnt/B-catenin pathway promotes neuronal
differentiation in the intermediate zone of the dorsal neural tube and is mediated by
Smad6 (Xie et al., 2011). Wnt/B-catenin signal thus seems essential for the maintenance
of proliferation of neuronal progenitors, controlling the size of the progenitor pool, and
impinging on the decision of neuronal progenitors to proliferate or differentiate.

In the nucleus, in the absence of the Wnt signal, TCFs act as repressors of Wnt target
genes. Following Wnt stimulation, stabilized B-Catenin into the nucleus can act as a TCF
co-activator (Logan and Nusse, 2004), acting on the genes containing functional TCF
binding sites. Among them we found two main regulators of G1/S cell cycle transition:
Cyclin D1 (Shtutman et al., 1999; Tetsu and McCormick, 1999) and c-Myc (He et al.,
1998).

Transcriptional activation of Cyclin D1 through the B-catenin/TCF pathway also occurs
in the developing neural tube, suggesting that Wnt signaling positively regulates cell

cycle progression and negatively regulates cell cycle exit of spinal cord precursors, in
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part through transcriptional regulation of Cyclin D1 (Megason and McMahon, 2002;
Panhuysen et al., 2004).

It is also important to considerate also the interplay between Wnt and Shh pathway in
regulating neural progenitor proliferation. In fact, Cyclin D1 is also a transcriptional
target of the canonical Shh pathway (Cayuso et al., 2006; Shtutman et al., 1999; Tetsu and
McCormick, 1999). In the developing neural tube, the Wnt family members that regulate
mitogenic activity (Wntl and Wnt3a) are mainly expressed dorsally (Megason and
McMahon, 2002), while Shh is expressed ventrally (Marti et al., 1995). These opposing
expression patterns suggest a simplistic model for the control of proliferation, in which
these pathways act in parallel on distinct subpopulations of neural precursor cells (i.e.
Wnt dorsally and Shh ventrally). However, the loss of either Wnt or Shh leads to cell
cycle arrest and to a uniform tissue reduction throughout the dorsoventral axis of the
neural tube (Alvarez-Medina et al., 2009; Cayuso et al., 2006), arguing against this
simplistic model. Another possibility is that the two pathways act in the same cells, by
controlling the activity or transcription of different regulators of cell cycle progression.
Recent studies in chicken support this idea (Alvarez-Medina et al., 2009; Ulloa and
Briscoe, 2007). By in vivo gain- and loss-of-function experiments, Alvarez-Medina and
colleagues showed that the expression of Tcf3/4 in the neural tube depends on Shh
activity, thus linking Shh signaling to the canonical Wnt/B-catenin transcription pathway
(Alvarez-Medina et al., 2009). In the absence of Tcf3/4, canonical Wnt signaling could
not activate mitogenic target genes, including Cyclin D1, leading to arrest of the cell
cycle at G1. Thus, Wnt and Shh activities are integrated to control Cyclin D1 expression

and the subsequent progression through the G1 phase of the cell cycle (Fig.18).
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Figure 18: Summary of Wnt and Shh
activities in the regulation of cell
cycle progression in neuroepithelial
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Another level of interaction between the Wnt and Shh signaling pathways in the
regulation of proliferation has been proposed by Ulloa and colleagues: they found that the
loss of Shh signaling reduced the responsiveness of neural cells to canonical Wnt
signaling (Ulloa and Briscoe, 2007). When Shh is absent, the transcriptional repressor
form of Gli3 (GliR) is generated. Gli3R can physically interact with B-catenin in vitro,
inhibiting its transcriptional activity by a mechanism currently unknown (Alvarez-
Medina et al., 2009; Hallikas et al., 2006).

Shh and Wnt pathway also have independent roles in cell proliferation. For example, Shh
has been shown to activate cell cycle genes promoting the transition from G1 to G2
(including Cyclin A, Cyclin B, and Cyclin E), suggesting that Shh signaling, but not
Wnt/B-catenin signaling, also regulates late cell cycle progression (Alvarez-Medina et al.,
2009; Megason and McMahon, 2002). Thus, in addition to their integrated activities, the
modulation of different transcription factors also allows Wnt and Shh to regulate distinct

mechanisms that control cell proliferation in the neural tube.

3.7 - Wnt target genes

Over recent years, a vast number of candidate Wnt target genes have been identified by

several techniques; summarizing the data from microarray studies independent from cell
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type or organism and sorting out all duplicates yielded 1886 candidates genes, which are
differentially expressed in cells with activated Wnt pathway (Hallikas et al., 2006; Huang
et al., 2005; Morkel et al., 2003; Sansom et al., 2007; Schwartz et al., 2003; Taneyhill and
Pennica, 2004; Ziegler et al., 2005; Zirn et al., 2005).
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v v ¥ Adapted from Vlad et al., 2008.
biclogical effects

The biological effects of the Wnt pathway are mediated via the regulation of direct
(primary) and indirect (secondary or tertiary) target genes (Fig.19).

As an example, the transcription factor c-myc regulates the c-myc interacting zinc finger
protein-1 (MIZ-1), which is able to inhibit the expression of the indirect
target p21 WAF1.s. These targets can be understood as regulators or amplifiers of the
original signal. Thus, three levels of the Wnt targetome can be distinguished (Fig.19).

In order to identify pathways affected by Wnt signaling, Vlad et al. allocated the genes
which have been identified in microarray studies as differentially expressed by using the
software package Pathway Assist (Stratagene) (Vlad et al., 2008). Potential Wnt targets
are involved in at least 36 different pathways controlling apoptosis, inflammation,

proliferation and metabolism (Tab.3).
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Target pathway Function

G-protein-MAPK activation, CREB signalling, EGF signalling, Proliferation
ERK-PI3K (collagen) signalling, erythropoietin signalling, hedgehog
signalling, JAK-STAT signalling, MAPK signalling, NGF signalling,
PDGF signalling, PTEN signalling, SAPK-JNK signalling, VEGF

signalling, Wnt signalling (calcium)

ACH-R apoptosis signalling, anti-apoptotic pathway, CD40L Apoptosis
signalling, death receptor signalling, FAS signalling, mitochondrial

apoptosis control, NF-kB signalling, p53 signalling, PTEN signalling

AKT signalling, p38 signalling, p53 signalling, Rb signalling Cell cycle
Regulation of myogenesis Differentiation
Insulin signalling, lipid signalling Metabolism
IFNa signalling, IL-1 and IL-6 signalling, IL-2 signalling, IL-3 Inflammation,
signalling, TGFp signalling, toll-like receptor signalling immune response
Integrin signalling Cell adhesion

Table 3. Pathways and corresponding functions affected by genes which are differentially
expressed in cells with activated Wnt pathway. Adapted from Vlad et al., 2008.

In the same study it has been proposed a selection of target genes (collected from
http.//www.stanford.edu/rnusse/pathways/targets.htm) implicated in a large variety of
biochemical functions (Tab.4); the diversity of the biochemical functions reflect the
variety of different biological effects of the Wnt pathway, including activation of cell
cycle progression and proliferation, inhibition of apoptosis, regulation of embryonic

development, cell differentiation, cell growth and cell migration.
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Function

Target genes

Cell cycle kinase Cyclin D1 Up
regulators p21 Down
Cell adhesion Claudin-1, connexin-30, connexin-43, L1ICAM, Nr-CAM Up
proteins E-cadherin, periostin Down
Receptors CD44, Dfz3, EGF, Fz7, receptor, Met, Ret, retinoic acid Up

receptor gamma, Stra6

Arrow/LRP, Dfz2, Fz Down
Factor synthases COX2, NOS2 Up
Hormones, growth | Gastrin, BMP4, CCN1/Cyr61, Dickkopf-1, DIl1, Eda, Up
factors endothelin-1, EphB/ephrin-B, FGF18, FGF20, FGF4, FGF9,

follistatin, IGF-I, IGF-II, IL-6, IL-8, jagged 1, nanog,

proglucagon, proliferin-2, proliferin-3, s-FRP, Stra6, TNF

family 4-1BB ligand, VEGF, wingful/notum, wingless, WISP-

1, WISP-2, Xnr3

BMP4, osteocalcin, RANK, wingless Down
Transcription c-Myc, brachyury, Cdx1, Cdx4, c-jun, dharma/bozozok, Up
regulators engrailed-2, FoxN1, fra-1, 1d2, Irx3, ITF-2, LEF-1, mBTEB2,

MITF/nacre, movo, myogenic bHLH, neurogenin 1, Pitx2,

PTTG, Runx2, SALL4, Sox2, SOX9, TCF-1, twin, Twist, Ubx

Hathl, nanog, Ubx, Six3, SOX9 Down
Proteases, protease | CD44, MMP-7, MMP-26, stromelysin-1, survivin, uPAR Up
inhibitors, protease
receptors
Matrix proteins Fibronectin, keratin, versican Up
GTPase, GTPase Tiam, Wrch-1 Up
regulator
Others Axin-2, MDR1, nemo, siamois, B-TRcP, twin Up

Table 4. List of selected target genes from Wnt homepage
(http://www.stanford.edu/rnusse/pathways/targets.htm), = with  corresponding  biochemical

functions and regulation trend. Adapted from Vlad et al., 2008.

In cancer cells with mutationally activated Wnt pathway, at least 20 target genes activate

proliferation: c-Myc, Cyclin D1, c-jun, fra-1, EphB/ephrin-B, FGF18, Hath1, Met, c-Myc
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binding protein, 1d2, FGF9, FGF20, Stra6, Twist, WISP, surviving, Pituitary Tumor
Transforming Gene (PTTG), TNF family 41BB ligand, VEGF and endothelin-1 (Vlad et
al., 2008).

The large number of target genes affected for each process no had to be surprising
considering that the induction of a complex effect needs a critical number of active
proteins; as an example the up- or down-regulation of more than 570 genes is necessary
for the progression through one round of the cell cycle (Cooper and Shedden, 2003).
Moreover, a complex process like proliferation must be regulated at several stages; for
the cell cycle progression, the activation of Cyclin D1 induces GO/G1 transition, but
additional mechanisms like down-regulation of p21 and inactivation of the anaphase
promoting complex are necessary for G1/S transition. Finally, a cell cycle control ensured
by more than one pathway and several genes opens additional possibilities for modifying
the final outcome. Thus, target pathways might be considered as functional elongation of

the Wnt cascade downstream of the TCF/Lef level.

3.8 - The Chicken Model System

To study the role of Armcx/Armcl10 family in neural development we have selected the
chicken embryo as experimental model. The chick embryo provides an excellent model
system for studying the development of higher vertebrates wherein growth accompanies
morphogenesis. It is a simple in vivo model that can be genetically manipulated in an
easy way by in ovo electroporation: electroporating DNA plasmids allows to obtain
transient and mosaic embryos and use them in gain or loss of function in vivo assays with
single cell resolution in a time and space controlled manner (Krull, 2004; Voiculescu et
al., 2008).

During neural tube development, neural progenitors proliferate to generate sufficient
neural precursors for the construction of nervous system. At the same time, these
progenitor cells are taking important cell fate decisions. All these processes can be easily
monitored using specific molecular markers, therefore making the chicken an ideal and
efficient model for study proliferation and differentiation in spinal cord development.
However, the rate of development can be affected by a range of factors, including the
specific breed, the temperature of incubation, the delay between laying and incubation,

raising the need to generate a standardized staging system based on morphology rather
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than chronological age. Viktor Hamburger and Howard L. Hamilton created a
morphological system for staging chick development: the Hamburger—Hamilton
stages (HH) is a series of 46 developmental stages, starting from laying of the egg and
ending with a newly hatched chick (Hamburger and Hamilton, 1992) (Fig.20).

Figure 20: Normal stages of chick embryonic development. Morphological system for staging
chick development, created in 1951 by Hamburger and the Hamburger—Hamilton (HH stages).
The 46 developmental steps start from laying of the egg and end with a newly hatched chick.
Adapted from “Developmental dynamics 195, 231-72”, 1992.

At HH10-12 (10-13 somites), the neural folds creates a partially closed system with a
lumen into which it is easy to inject DNA constructs in ovo. At this stage the tube is most
formed by uncommitted progenitor populations, whose fate can be altered by ectopic
manipulations.

Starting from 18-24 hours after electroporation (HH16-18) the effects of the ectopic DNA
on proliferation can be detected by immunohistochemical techniques o flow cytometry
analysis.

By stage HH14 (23 somites) around 12% of the neural progenitors have exited the cell
cycle and have started to differentiate at the marginal zone (Wilcock et al., 2007); from
stages HH14 to HH24 neural differentiation is more active, while gliogenesis has not yet
started (Wilcock et al., 2007). Starting from 48 hours after electroporation (stage HH22-
24) possible effects of the ectopic manipulation resulting in changes in neural
differentiation, can be detected using pan-neuronal markers, to identify neurons and

discerning morphological characteristics.

84



AIM OF STUDY






Based on existing information we propose to get insight into the mitochondrial function
of Armcx/Armc10 encoding proteins and investigate their possible involvement in neural
development processes. In particular, the aim of my thesis work has been to characterize
the function of Armcx3 and Armc10 genes in mitochondrial dynamics and in the spinal

cord development, pursuing the following specific objectives:

1. To get insight into the cellular and molecular function of Alex3 protein in
mitochondrial dynamics using as models both cell lines and neuronal primary
cultures.

2. To extend the study to Armc10 protein, from which the whole Armex cluster
evolved, looking at possible functional divergences.

3. To investigate the role of Alex3 and Armc10 in an in vivo physiological model of
neural development: the chicken spinal cord.
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METHODS






Plasmid vectors

Alex3 3’-UTR was found in a Substractive Hybridization library (Garcia-Frigola et al.,
2004) and the full sequence was obtained by screening a PO mouse brain cDNA library
(Stratagene). For the generation of Alex3-GFP and Alex3A(1-12), Alex3 was amplified
with high fidelity Pfu (Stratagene) and a BamHI restriction site was introduced by using
appropriate primers for insertion in pEGFP-C1 or pEGFP-N3 vectors. All the constructs
generated were sequenced with BigDye-Terminator v3.1 (Applied Biosystems). shRNAi
sequences were designed against the Alex3 mRNA sequence using siRNA primer
designer software v1.51 (Promega) and subcloned into pVLTHM vector (Tronolab)
through Mlul/Clal (New England Biolabs) digestion. The sequence of the selected
shRNAi-Alex3 is 5’-cgcgtccceggctttaattgtectaaatttcaagagaatttaggacaattaaagcectttttggaaat-
3% the sequence of the scrambled shRNAi-control is 5’-
cgegtcceecgeagctttaattgetetgggtaataatattcatattacccagageaattaaagetgctttttggaaat-3°. The
expression vectors Mirol-myc, Miro2-myc, Mirol AEF-myc, KIF1C-myc, and Trak2-
myc were obtained as described in MacAskill et al. (2009). The mitochondrial targeted
Aequorin was previously described (Manjarres et al., 2008). Mito-PAGFP was described
in Karbowski et al. (2009). Mitochondrial-targeted DsRed (MitDsRed) was a gift from
Antonio Zorzano (IRB, Barcelona). GST-Mirol and GST-MirolAEF were kindly
provided by Josef Kittler (UCL, London). Mitofusinl-myc and Mitofusin2-myc were
kindly provided by Luca Scorrano (University of Padova). pCIG empty vector (Megason
and McMahon, 2002), Wnt3a and p-cateninCA (Tetsu and McCormick, 1999) were
kindly provided by Elisa Marti (IBMB, Barcelona). The following DNAs were inserted
into pCIG: full coding mouse Alex3 and Armc10, Alex3A(1-12).

Animals

OF1 embryos and postnatal mice (Iffra Credo, Lyon, France) were used. The mating day
was considered embryonic day 0 (EO) and the day of birth postnatal day 0 (P0O). Animals
were anesthetized with 4% halothane prior to sacrifice.

Eggs from White-Leghorn chickens were incubated at 38.5°C in an atmosphere of 70%
humidity and staged according to Hamburger and Hamilton (HH) (Hamburger and
Hamilton, 1951).

Chick embryos were electroporated with plasmid DNA at 3u pg/ul in H,O with 50 ng/ml

Fast Green, as reported in Cayuso et al., 2006. Transfected embryos were allowed to
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develop to the specific stages, then dissected, fixed and processed for

immunohistochemistry or in situ hybridization.

In situ hybridization

Whole mount mice in situ hybridization was performed in E10 embryos, which were
fixed, dehydrated and rehydrated in a methanol series (25 — 100%), and permeabilized
with 10 pg/ul Proteinase K (Garcia-Frigola et al., 2004).

Whole mount chicken in situ hybridization was performed fixing the embryos overnight
at 4°C in 4% paraformaldehyde in PB, rinsed and processed for whole-mount RNA in
situ hybridization following standard procedures using specific probes for chick
Armcl0/SVH. Hybridization was revealed by alkaline phosphatase-coupled anti-
digoxigenin Fab fragments (Boehringer Mannheim). Hybridized embryos were postfixed

in 4% paraformaldehyde, rinsed in PBT and vibratome sectioned (45 pm).

Immunohistochemistry

Chicken embryos were fixed 2-4 hours at 4°C in 4% PFA in PB, washed in PBS and
vibratome sectioned (45 pm). The obtained sections were permeabilized in PB Triton X-
100 0.1% and blocked with blocking buffer (1% fetal bovine serum, Roche Diagnostics).
For BrdU detection, chicken embryos were fixed over night at 4°C; sections obtained by
vibratome were permeabilized in PB Triton X-100 1%, incubated in 2 N HCI for 30
minutes followed by 0.1 M Na,B4O7 (pH 8.5) rinses, further PBT rinses and blocked in
blocking buffer. Immunostaining was performed following standard procedures (Lobjois
et al., 2008). To label the sections, the following antibodies were used: rabbit anti-Alex3
(1:300, obtained as described in Lopez-Domenech et al., 2012) rabbit anti-GFP (1:500,
Invitrogen), rabbit anti-PH3 (1:500, Millipore), rat anti-BrdU (1:500, AbD Serotec),
rabbit anti-Armc10/SVH (1:200, Abcam), mouse anti-COXIV (1:500, Invitrogen), mouse
anti-Pax7 (1:500, DSHB), mouse anti-Nkx2.2 (1:500, DSHB), mouse anti-Nkx6.1 (1:500
DSHB), mouse anti-Tuj-1 (1:500, Sigma-Aldrich), mouse anti-HuC/D (1:500,
Invitrogen), rabbit anti-Sox2 (1:500, Invitrogen). Alexa488-, Alexa562- and Alexa660-
conjugated secondary antibodies were purchased from Invitrogen, Carlsbad, CA. After
staining, sections were mounted in Mowiol, photographed using a Leica SPE Confocal
microscope, and processed with Adobe Photoshop CS3. Cell counting was carried out on

pictures obtained from at least four different chick embryos per experimental condition.
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In vivo luciferase-reporter assay

Transcriptional activity assays of B-catenin/Tcf pathways were performed in vivo. Chick
embryos were electroporated at HH stage 11-12 with the indicated DNAs cloned into
pCIG or with empty pCIG vector as control; together with a TOPFLASH luciferase
reporter construct containing synthetic Tcf-binding sites (Korinek et al., 1998) and a
renilla-luciferase reporter construct carrying the CMV immediate early enhancer
promoter (Promega) for normalization. Embryos were harvested after 24 hours incubation
in ovo and GFP-positive neural tubes were dissected and homogenized with a douncer in
Passive Lysis Buffer. Firefly- and renilla-luciferase activities were measured by the Dual

Luciferase Reporter Assay System (Promega).

Cell culture and transfection

HEK293AD cells were used for all the experiments. Cells were cultured in DMEM
medium supplemented with 10% Fetal Bovine Serum (FBS), 2mM glutamine, 120 pg/ml
Penicillin and 200 pg/ml Streptomycin and were maintained at 37°C in the presence of
5% CO,. Upon confluence, cells were trypsinized and plated at the desired density. After
24 h cells were transfected using Lipofectamin™ (Invitrogen), following manufacturer’s
instructions, and using a 1:1 DNA ratio when two constructs were transfected. For
immunoprecipitation or immunocytochemistry assays, an empty vector was used to
balance transfected DNA when required. Cells were processed as required, 24-48 h after

transfection.

Generation of HEK293AD stable cell lines

HEK293AD cells stably expressing Alex3GFP or GFP were generated by transfection
with Alex3 or pEGFP-C1 vectors, expressing also geneticin resistance. Cells were kept in
selective media containing 0.9 mg/ml geneticin until colonies development. About 12
colonies for plate were picked and Alex3GFP or GFP expression was analyzed for each

colony by fluorescence and western blot analysis in order to choose the better clone.
Neuronal primary culture and transfection

E16 mouse brains were dissected in PBS containing 0.6% glucose and the hippocampi

were dissected out. After trypsin (Invitrogen, Carlsbad, CA) and DNase treatment (Roche
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Diagnostics), tissue pieces were dissociated by gentle sweeping. Cells were then counted
and seeded onto 0.5 mg/ml poly-L-lysine (Sigma-Aldrich)-coated coverslips (for
immunocytochemistry) or 35-mm Fluorodish plates (World Precision Instruments, Inc)
for live-imaging in neurobasal medium (Gibco) containing 2mM glutamax, 120 pg/ml
Penicillin, 200 pg/ml Streptomycin and B27 supplement (Invitrogen, Carlsbad, CA), and
were maintained at 37°C in the presence of 5% CO,. Cells were cultured for between 7
and 15 days. Transfection of neurons was carried out at 10-12 DIV for
immunocytochemistry experiments and at 4 DIV for live-imaging, using Lipofectamine
2000 (Invitrogen), following the manufacturer’s instructions, and using a 1:3 DNA ratio
when transfection of two constructs was required. Cells were processed 24-48 h after

transfection.

Immunocytochemistry

HEK293AD cells or neurons were fixed for 15 min in 4% paraformaldehyde. After
fixation, cells were permeabilized with Triton X-100 0.1% in PBS and blocked with
blocking buffer (10% fetal bovine serum (Roche Diagnostics), 0.2 M glycine, 0.1%
Triton X-100 and 0.05% Deoxicolic acid in PBS-2% gelatin) for 1 h at room temperature.
To label the cells, the following antibodies or dyes were used: rabbit anti-Alex3 (1:300,
HEK293AD; 1:100, neurons; obtained as described in Lopez-Domenech et al., 2012),
rabbit anti-GFP (1:500, Invitrogen), mouse anti-myc (1:500, Santa Cruz) and Phalloidin-
TRITC (1:1000, Sigma-Aldrich), rabbit-PH3 (1:500, Millipore), rat-BrdU (1:500, AbD
Serotec) in blocking buffer for 2 h and with the corresponding secondary antibodies
labelled with fluorocromes (Alexafluor 546 or 488, Invitrogen, Carlsbad, CA). Nuclei
were stained with the specific dye Hoechst-33342. When necessary, mitochondria
labelling was carried out by incubation with the mitochondrion-selective dye,
MitoTracker Orange CM-H2TMRos (1:2000, Molecular Probes, Invitrogen) in culture
medium for 30 min at 37°C prior to cell fixation, or by incubation with
bromodeoxyuridine (BrdU), 0.5 pg/ul BrdU 40 minutes prior to fixation. All samples

were then mounted on Mowiol.
Live-imaging and quantification of axonal transport of mitochondria

HEK293AD cells and hippocampal neurons were seeded onto Poly-L-lysine-coated
Fluorodish plates (World Precision Instruments, Inc), transfected with Alex3-GFP,
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MitDsRed or Mito-PAGFP and filmed 24 to 48 h after using a Leica TCS SP2 confocal
microscope (Leica Microsystems) equipped with a 63x immersion oil objective. All the
cultures were kept at 37°C using a heating insert on the microscope stage and an
incubating chamber allowing circulation of a controlled CO, (5%)-air heated mixture for
the control of pH. For mitochondrial aggregation in transfected HEK293AD cells, time-
lapse series of image stacks composed of 10 images (512x512 px) were taken every 5
min over 6 h using Leica Confocal Software (Leica Microsystems). Movies were
generated at 10 frames per second. For mitochondrial fusion analyses in HEK293T cells,
time-lapse series of image stacks composed of 7 images (512x512 px) were taken every 6
sec over 15 min. Movies were generated at 7 frames per second. For measurements of
axonal mitochondrial transport, axonal processes in transfected neurons were identified
following morphological criteria, and directionality was determined for each axon.
Axonal mitochondria were registered with an additional digital zoom of 1.7x. Time-lapse
series of image stacks composed of 5 images (512x512 px) were taken every 6 sec during
15 min. All 151 images obtained were processed mainly with Leica Confocal Software.
Further image processing, analysis and video compilation (10 frames per second) and
edition was done with ImagelJ software (version 1.43K, NIH, USA). Kymographs were
generated with MetaMorph Software (Molecular Devices - MDS Analytical
Technologies). In overexpression experiments, 42 axons were registered and analyzed in
each condition while in silencing experiments 22 axons per group were recorded. In all
cases a mitochondrion was considered motile when it moved more than 0.5 pm during 1
min of recording. Distances and speeds of retrograde and anterograde transport were
measured separately from the corresponding kymographs (De Vos et al., 2007), and no
tracking-plugging was used. ImagelJ software was used to quantify mitochondrial length.
The first frame recorded of each video was digitally processed and thresholded (using Yi
algorithm), and the longest distance between any two points along the selection boundary
(Feret’s parameter) was measured for all mitochondria. To ensure equal relevance
between axons, independently of the number of mitochondria displayed, an average
length was calculated for each neuron and then the mean was calculated between axons.
For the analysis of the length distribution of the population of mitochondria, all the
mitochondria measured in a group were considered together, independently of the neuron

to which they belonged, and were compared with the other conditions.
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Protein cell extracts and Western blot

HEK293AD cells were obtained and lysed in Laemmli Buffer (LB) at 98°C for 5 min.
Brain extracts were obtained by homogenization in lysis buffer (50 mM HEPES; 150 mM
NaCl; 1,5 mM MgCly; 1 mM EGTA; 10% glycerol; 1% Triton X-100; protease inhibitor
cocktail (Roche Diagnostics Gmbh), I mM NaF, 0.5 M sodium pyrophosphate and 200
mM ortovanadate). 20 pg of protein for each sample was loaded and run in
polyacrylamide gels at 100 V. Transfer to nitrocellulose membranes was performed in
120 mM glycine, 125 mM Tris, 0.1% SDS, and 20% methanol at 35 V o.n. Membranes
were then blocked in 5% powder milk in TBS and incubated with primary antibodies
anti-Alex3 (1:2000, obtained as described in Lopez-Domenech et al., 2012), rabbit anti-
Armcl0/SVH (1:800, Abcam), rabbit anti-GFP (1:1000, Invitrogen), mouse anti-myc
(1:2000, Santa Cruz Biotechnologies) or mouse anti-KHC (1:1000, Millipore). Mouse
anti-actin was used as a loading control (1:1000, Chemicon, Temecula, CA). Secondary
antibodies coupled to HRP were used diluted 1:2500 in TBS containing 5% powder milk.

Labelling was visualized with ECL plus (Amersham Pharmacia Biotech).

Immunoprecipitation

HEK293AD cells were lysed using a buffer containing 50 mM Tris-HCI pH7.5; 150 mM
NaCl; 1.5\mM MgCl,; 5 mM EDTA; 1% Triton-100; 10% glycerol; protease inhibitor
cocktail (Roche Diagnostics Gmbh); 1 mM NaF; 0.5 M sodium pyrophosphate and 200
mM ortovanadate. 500 pg of total protein per sample was used for the
immunoprecipitation assays. Homogenates were incubated with anti-GFP (1:500,
Invitrogen), anti-myc (1:500, Santa Cruz Biotechnology), at 4°C o.n overnight. All the
assays were performed using protein G-Sepharose beads (Sigma-Aldrich) for 2 h at 4°C.
In the assays performed in the presence of Ca”", EDTA and EGTA were omitted from the
lysis buffer and Ca*" was added to a final concentration of 2 mM. After incubation with
protein G-Sepharose, samples were washed five times in washing buffer (10 mM Tris-
HCI pHS8, 500 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% NP-40) in
which EDTA and EGTA were again substituted by 2 mM Ca®" when required. LB was
added to the beads and they were then boiled at 98°C for 5 min. Proteins were then

analyzed by SDS-PAGE and WB.
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In vitro GST pull-down

GST-fusion proteins were produced in E. coli and purified as described previously
(Kittler et al., 2006). Brain lysates (5 mg of total protein, adult brain) were solubilized in
a buffer containing S0mM HEPES, 125 mM NaCl, 1% Triton, 2 mM EDTA, 1 mM
PMSF, and antipain, pepstatin, and leupeptin at 10 mg/ml. Solubilized material was
ultracentrifuged and the supernatant (solubilized protein) was exposed to 20 mg brain
lysate with varying concentrations of [Ca?*]. Bound material was washed five times in
the above buffer before elution with SDS sample buffer. WB was carried as described

above.

Mitochondrial fusion analysis

Intensity correlation analyses were performed against red (photobleached MitDsRed) and
green (photoactivated mito-PAGFP) fluorescence images using ImageJ software. PDM
(Product of the Differences from the Mean) images from the (+,7) products were
obtained and the total intensity of the cell was used to calculate the mitochondrial fusion

rate, as described in Lopez-Domenech et al., 2012.

Gene Chip array sample preparation

HEK293AD cells overexpressing GFP were grown in selective culture media containing
0.9 mg/ml geneticin. Total RNA from subconfluent cell cultures was isolated using
RNAeasy kit (Qiagen). RNA quality was verified by running samples on an Agilent
Bioanalyzer 2100, and samples of sufficient quality were profiled on Affymetrix HG-
U219 chips in collaboration with the “Functional genomics” Facility at IRB (Institute for
Research in Biomedicine).

Microarray studies were performed using triplicate RNA samples for each condition.
Preparation of complementary RNA, array hybridizations and scanning were done
following manufacturer’s protocols. Laser scansion generated digitized image data files
and CEL files (oe53.ga.cel, oe49.ga.cel, oed5.ga.cel, gfp-47.ga.cel, gfp-43.ga.cel, gfp-
51.ga.cel, corresponding to each triplicate condition), that were used for the subsequent

statistical analysis.

Gene Chip array data analysis

CEL files were processed with RMAexpress to normalize the chip values and obtain
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logarithmic expression values for each probe. The setup for RMAexpressed included a
background adjusting, a quantile normalization and summarization of the expression
values using median polish.

The obtained expression file was loaded into MeV 4.8. A hierarchical clustering (HCL)
was performed to analyze the replicates. Pearson correlation was used to cluster the
samples, with an average linkage clustering method. On the basis of the clustering, the
data from gfp-43.cel was excluded from further analyses.

The SAM (Significance Analysis of Microarray) test was used to identify differentially
expressed genes between control (gfp chips) and overexpressed line (oe chips).
Significant genes were selected by setting a p-value < 0.05 and a g-value <0.05 as
threshold. The g-values were calculated by using a permutation test (100 tests). SO was
calculated using Tusher et al method (Proc. Natl. Acad. Sci. USA., 98:5116-5121, 2001.).
A hierarchical tree was constructed from all significant genes using Pearson correlation
and an average linkage clustering.

Reactome tools, http://www.reactome.org/ReactomeGWT/entrypoint.html, were used to
identify specific pathways among the up- and down-regulated genes according to web-

site instructions.

Statistical analysis

Data were analyzed with the Igor Pro (WaveMetrics) and Origin 5.0 (Microcal Software)
using the Student’s ¢ test or the Mann—Whitney—Wilcoxon (MWW) test for non-
parametric data. Minimal statistical significance was fixed at p<0.05. In figures, *

indicates p<0.05, ok p<0.01 and ook p<0.001.
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RESULTS






1. - The Eutherian Armcx genes regulate mitochondrial dynamics in

neurons: in depth analysis of Armcx3 protein function

1.1 Expression pattern of Armcx transcripts and neuronal expression of Alex3
protein

The Armcex cluster is formed by Armcx1-6 and Armcx6-like pseudogene, originated in
early Eutherian evolution by retrotransposition of an Armcl0 mRNA, and then by
consecutive tandem duplication events in a rapidly evolving region of the Xq
chromosome (Lopez-Domenech et al., 2012).

We analysed the expression of several Armex genes during embryonic development: at
embryonic stage E10, Armcl0 and Armcx3-6 genes were highly expressed in the
developing neural tissues, neural crest derivatives and hind limbs, in addition to other

tissues that were specific for each gene (Fig.21).

Armc10 Armcex3 Armcx5 Armcx6

Figure 21: Expression pattern of Armcl10 and Armcx3,5,6 transcripts in murine embryos aged
E10. In toto in situ hybridization. Note the labeling of many neural structure including the brain,
as well as of other tssues, including the hindlimbs, and neural crest derivates. Scale bar: 2mm.

To get insight into the function of Armcx3 in neural tissues, Alex3 protein expression was
examined by immunohistochemistry in mouse brain from E16 until adulthood. Thus, at
developmental stages, the Alex3 protein showed wide expression in different regions of
brain, resulting prominent in laminar structures such as cerebral cortex, hippocampus,
olfactory bulb, Purkinje cell layer and granular layer in the cerebellum (Fig.22a,d).
Global Alex3 expression decreases during development and in the adulthood, holding
over in these laminar structures (Fig.22b-c and Fig.22d-f).

The immunoistochemical analysis showed a bimodal localization of Alex3 protein

depending to the brain structure. In most developing neurons Alex3 signal is prominent in
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nuclei although it was present also in cytoplasm (Fig.22g). Starting from adult the protein
arises cytoplasmatic localization in two neuronal populations: the Purkinje cells and the

neurons located into hypotalamic nucleus (Fig.22h).

Figura 22: Alex3 protein expression. Alex 3 expression in hippocampus and cortex (a-¢) and
cerebellum (d-f) in several developmental stages and in the adulthood. (g) Mesencephalic nucleus
of PS5 mouse brain in which Alex3 has nuclear localization. (h) Purkinje cells of P10 mouse brain
in which Alex3 has cytosolic localization.

Abbreviations: Ad: Adult; hip, hippocampus; VZ: ventricular zone; ML: molecular layer; DG:
Dentate Gyrus; LILIILIV,V y VI: neocortical layers; igl, inner granular layer; egl, external
germinal layer; gl, granular layer; P: Purkinje cell layer; P 0-5-10: post-natal 0-5-10.

1.2 Alex3 interacts with Mitofusins without altering mitochondrial fusion
Alex3 overexpression leads to mitochondrial aggregation in 293AD cells and neurons,

suggesting an involvement in regulation of mitochondrial dynamics (Lopez-Domenech et
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al., 2012). Previous date obtained by electronic microscopy showed that Alex3
transfected neurons displayed large aggregates of mitochondria in the cell bodies in
which individual mitochondria, surrounded by Alex3-immunorective end product,
appeared clearly identifiable. Examination of neurites of these transfected neurons also
showed the presence of elongated aggregated mitochondria. These results indicate that
Alex3 overexpression leads to mitochondrial aggregation and tethering, rather than
increasing mitochondrial fusion (Lopez-Domenech et al., 2012).

However mitochondrial tethering is the first step requiring for mitochondrial fusion and is
mediated by Mitofusin proteins (Mfnl and Mfn2), located at the outer mitochondrial
membrane (Huang et al., 2005). We tested by co-immunoprecipitation assay if Alex3
could be able to interact with Mfn1 and Mfn2. HEK293AD cells were co-transfected with
Alex3-GFP and Mfnl-myc or Mfn2-myc; cell lysates were immunoprecipitated with anti-
GFP or anti-myc antibodies and a faint co-immunoprecipitation was detected in both

cases (Fig. 23).

Figure 23: Alex3 interacts with Mitofusinl
and Mitofusin2. HEK293AD cells were
transfected with Alex3-GFP and Mfnl-myc or
Alex3-GFp -+ - * - ¥ Mfn2-myc. Immunoprecipitation with anti-myc
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To directly test whether Alex3 regulates mitochondrial fusion, we took advantage of a
photoactivable mito-PAGFP version (Karbowski and Youle, 2004). HEK293AD cells
transfected with mito-PAGFP were photoactivated and video recorded over 15 min, and

the rates of mitochondrial fusion were analysed (Fig. 24a). In agreement with previous
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studies (Gomes et al., 2011; Karbowski and Youle, 2004; Saotome et al., 2008), we

observed a constant increase in mitochondrial fusion events over time. The rate and

dynamics of these events in cells transfected with Alex3 were identical to those in control

cells (Fig. 24c). Similar experiments in hippocampal neurons, either overexpressing

Alex3 or a shRNA sequence, gave similar results (Fig.24b,d).
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Figure 24: Alex3 protein
does not alter
mitochondrial fusion.
HEK293AD cells were
transfected with MitDsRed,
mito-PAGFP and pcDNA (a), or
Alex3 (b). Mito-PAGFP was
photoactivated, MitDsRed was
photobleached at t=0 s, and cells
were video recorded over 15
min. Panels in (a,b) show the
same cell at a range of time
points; note the increase in
yellow signals representing
mitochondrial fusion (insets).
The rates of fusion were
analysed (c¢) using PDM (+,)
images (shown in boxed areas
in (a,b)). Eleven cells,
corresponding to two
independent experiments, were
quantified for each group. (d)
Rates of mitochondrial fusion
over time in hippocampal
neurons overexpressing Alex3,
or a shRNA, demonstrating that
Alex3 levels do not alter
mitochondrial fusion in neurons.
At least eight cells,
corresponding to two
independent experiments, were
quantified for each group. The
values show meants.e.m. Scale
bar: 15 pm.




1.3 Alex3 protein levels regulate axonal transport of mitochondria in hippocampal

neurons

Mifn2 was found to interact with the mouse Miro/TRAK2 complex, regulating axonal
mitochondrial transport, a process that results essential for neuronal viability (Misko et
al., 2010). To address whether Alex3 is involved in mitochondrial transport in axons, we
used live-imaging techniques. Cultured hippocampal neurons were transfected at 4 DIV
with mitochondrial-targeted DsRed (MitDsRed) or Alex3—GFP. After 2 days, axons were
identified and recorded over 15 min (Fig.25). Control neurons exhibited high motility
rates for mitochondria, which were transported both in the anterograde and retrograde
direction (Fig.25a,b). As described (Hollenbeck and Saxton, 2005), only a fraction of
individual mitochondria (about 30%, Fig24.e) moved over the 15-min recording periods,
whereas the remaining ones remained stationary. The distance covered in single
trafficking events by mitochondria was heterogeneous. While some organelles moved
over relatively long distances (more than 100—150 um), others displaced only a few um
(10-20 pm). The speed at which single mitochondria were transported was also variable
(anterograde: average=0.21+0.14 pum per segment; range: 0.07/ 1.03 um per segment;
retrograde: average=0.29+0.15 pum per segment; range 0.07/0.83 pum per segment).
Mitochondrial trafficking tended to be more active in the retrograde than in the
anterograde direction (Fig.25c¢).

We recorded only Alex3—GFP-tranfected neurons that displayed an apparently normal
distribution of mitochondria in the cell bodies and in axons. In these cultures, Alex3—GFP
protein was targeted mainly to mitochondria and virtually all the mitochondrial
meshwork displayed Alex3 signals (Fig.24a). We also noted that individual mitochondria
were larger in Alex3—GFP-transfected neurons than in control cells (Fig.25a).
Examination of video recordings indicated that mitochondrial transport was reduced in
these neurons. To confirm this observation, video recordings were represented as
kymographs (Miller and Sheetz, 2004) and mitochondrial motility was analysed
quantitatively (Fig.25b,e). Overexpression of Alex3—GFP resulted in a dramatic reduction
in the percentage of moving mitochondria, in both the anterograde and retrograde
directions (Fig.25¢). Moreover, the velocity and average distance covered by individual

mitochondria was impaired in neurons overexpressing Alex3—GFP (Fig.25¢).
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Figure 25: Alex3 overexpression regulates axonal transport of mitochondria in hippocampal
neurons. Series of four representative confocal images, taken every 30 s, of live axons
overexpressing the mitochondrial-tagged protein MitDsRed or Alex3—GFP fusion protein (a).
Coloured arrows identify the same mitochondria through the different acquisitions. (b) Two
representative kymographs showing the full-time acquisition periods (that is, 15 min of movie) in
overexpressing experiments. All kymographs are arranged with the distal axonal end to the right.
(c) Graphical representation of the percentage of motile mitochondria, velocity and distance
covered by individual mitochondria measured in kymographs. Data were analysed using the
Student's #-test and represent the means.e.m of 22—42 axons (neurons) per experimental group,
from at least eight independent experiments. ***P<0.001; **P<0.01; *P<0.05 (For individual P
see text). Scale bars: 10 um.
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To confirm the involvement of Alex3 in mitochondrial dynamics and trafficking, we
performed experiments to knockdown endogenous Alex3 protein. Lentivirus containing
different Alex3 specific shRNA1 sequences (101, 103,2 01, 302; Fig.26a) were produced
and tested for Alex3 silencing together with scrambled vector (402, Fig.26a); one of them
(302 shRNA), successfully silencing Alex3 (Fig.26a,b), was selected for perform

silencing experiment.
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Figure 26: Silencing of Alex3 in transfected HEK293AD cells and in hippocampal neurons.
(a) HEK293AD cells were transfected with an Alex3 expression construct and pLVTHM
containing different Alex3-silencing sequences (101, 103,2 01, 302) and a control scrambled
(401) shRNAi. Boxed, 302, shRNAi sequence was selected to perform all silencing experiments.
(b) Hippocampal neurons transfected with shRNAi 302 and GFP were stained against Alex3 with
anti-Alex3 antibody to show the antibody specificity. Note that the neurites from the transfected
neuron (arrows) display no immunostaining. Scale bars: 30 um.

Hippocampal neurons were transfected with pLVTHM vectors expressing shRNAi-Alex3
sequences (Fig.27a,b), or a control scrambled sequence. Neurons expressing shRNAi for
Alex3 transcripts were viable and morphologically normal, and they extended normal
dendrites and axons (Fig.27a). Alex3—shRNAi-expressing neurons exhibited reduced
mitochondrial motility and trafficking and smaller mitochondria than control neurons
(Fig.27b,c). This decrease was for anterograde and retrograde transport. However, neither
the velocity nor the distance covered by single movements of individual mitochondria
was altered by the knockdown of endogenous Alex3 (Fig27.c).

Taken together, these experiments show that Alex3 expression levels regulate the motility
of mitochondria in axons in living neurons and modulate both the velocity and distance

covered by these organelles.
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Figure 27: Alex3 silencing regulates axonal transport of mitochondria in hippocampal
neurons. Series of four representative confocal images, taken every 30 s, of live axons
overexpressing MitDsRed plus a control shRNAi or a specific Alex3 shRNAi. Coloured arrows
identify the same mitochondria through the different acquisitions. The upper panel identifies the
imaged axon expressing GFP after infection (a). Two representative kymographs showing the
full-time acquisition periods (that is, 15 min of movie) in silencing experiments. All kymographs
are arranged with the distal axonal end to the right (b). Graphical representation of the percentage
of motile mitochondria, velocity and distance covered by individual mitochondria measured in
kymographs for silencing experiments (c¢). Data were analysed using the Student's z-test and
represent the meants.e.m of 22-42 axons (neurons) per experimental group, from at least eight
independent experiments. ***P<(0.001; **P<0.01; *P<0.05 (For individual P see text). Scale bar:
10 pm.
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1.4 Alex3 interacts with Miro and Trak2 proteins and its Arm domains are required
for the that interaction

Mitochondrial trafficking in neurons is mediated by Kinesin (KIF5) motors (Hirokawa
and Takemura, 2004), by the Kinesin adaptor Trak2 and by the Rho GTPases Mirol and
Miro2 (Guo et al., 2005; MacAskill and Kittler, 2010). We next studied whether Alex3
forms part of the KIF5/Miro/Trak2 trafficking complex. First, immunofluorescence
analyses in transfected HEK293AD cells showed strong colocalization of Alex3 with
Mirol, Miro2 and Trak2, while no apparent colocalization was detected with KIF5C
(Fig.28a-d).

Alex3GFEP 3 Figure 28: Tl:ansfectefl Alex3-

GFP  colocalizes with the
components of the mitochondrial
transport machinery.
HEK293AD cells were co-
transfected  with  Alex3-GFP
(green) and Mirol-myc (a),
o Alex3GFP MiroZ—myc (b), KIF5C-myc (C)
and Trak2-myc (d) (red) and
processed for
immunoicitochemistry. Right
panels show a merged image
where colocalization (yellow) of
Alex3-GFP is apparent with
Alex3-GFP Mirol-myc,  Miro2-myc  and

. Trak2-myc;  Alex3-GFP  and
KIF5C-myc share low levels of
colocalization. Nuclei were stained
with Hoecst (blue). Scale bar: 10
pm.

Alex3-GFP

Next, we performed co-immunoprecipitation assays in HEK293AD cells transfected with
Alex3—GFP and either Mirol-myc or Miro2-myc cDNAs. Mirol and Miro2 were
detected by WB in lysates immunoprecipitated with anti-GFP antibodies. Conversely,
pull-downs with anti-myc antibodies revealed Alex3—GFP protein. No co-

immunoprecipitation was detected when cells were transfected with either Miro1l/2-myc
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or Alex3—GFP DNA alone (Fig.29a). Similar experiments showed that Alex3—GFP was
co-immunoprecipitated with Trak2-myc protein (Fig.29¢). In contrast, we did not detect
co-immunoprecipitation of Alex3—GFP with KIF5C, KIF5SA or KIF5B (Fig.29b). These
data indicate that Alex3 interacts directly with the Mirol-2/Trak2 proteins, thereby
suggesting that this protein is therefore involved in the KIF5/Miro/Trak2 trafficking

complex.
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Figure 29: Alex3 is a component of the protein complex responsible for mitochondrial
transport. Co-immunoprecipitation of Alex3—GFP with Mirolmyc, Miro2myc, KIF5Cmyc or
Trak2myc results in the specific interaction of Alex3—GFP with Mirolmyc, Miro2myc (a) and
Trak2myc (c) but no interaction is detected between Alex3—GFP and KIF5Cmyc (b). A GFP
construct was used as control.

To determine whether the Arm-like domains of Alex3 were required for interaction with
these proteins, we generated a N-terminus Alex3(1-106) construct lacking the six Arm
domains. Co-immunoprecipitation experiments in HEK293T cells showed that this
mutant protein did not co-immunoprecipitate with Trak2 or Miro2 proteins (Fig.30a,b),
thereby indicating that the Arm-containing C-terminal region is required for this

interaction.

110



¥ Figure 30: The Arm domains of

g I . ‘73 ¢ we wm ==|z Alex3 are required for interaction

[ with Miro2 and Trak2. HEK293T
.ar— 69 I

o cells were co-transfected with
full.lenght Alex3-GFP or a deletion
mutaln Alex3-GFP(1-106) lacking all
six Arm domains, and with Miro2-
» myc (a) or Trak2-myc (b); cell lysates

were  co-immunoprecipitated  with
7 anti-GFP antibodies. While full length

I
Pt
* Miro2-myc protein and Trak2 protein,
no co-immunoprecipitation was found
S2-8-8

Input
Input

40

—_— 73 2
Alex3  immunoprecipitated ~ with
i B 8 i
S Y Y ¥ P 2
i Is between  Alex3-GFP(1-106) and

40

Miro2-myc or Trak2-myc.

27

The Miro/Trak2 complex interacts with Kinesin motors in a Ca**-dependent manner, in
which Ca’" binding to Miro proteins triggers the uncoupling of the complex to
microtubules, thereby allowing mitochondrial arrest (MacAskill et al., 2009a; Wang and
Schwarz, 2009). We thus tested whether the association of Alex3 with the trafficking
complex was also Ca’’-dependent. The presence of 2 mM Ca’” markedly reduced the
interaction of Alex3 with Mirol, 2 and Trak2 (Fig.31a,d). Interestingly, cotransfection of
Alex3—GFP with a Mirol-myc mutant cDNA lacking the EF-hand domain responsible for
Ca”™ binding blocked the regulation of Mirol/Alex3 interaction by Ca’’, thereby
reinforcing the notion that the interaction between these two proteins is regulated by Ca*"
levels (Fig.31b). To corroborate these findings, we purified GST-Mirol protein and
performed pull-downs with extracts from brain lysates (MacAskill et al., 2009a). These
experiments confirmed the direct interaction of Alex3/Mirol proteins, as well as the
regulation of this interaction by Ca®" and the dependence on the EF-hand domain in
Mirol protein for the regulation of the complex by Ca®" (Fig.31d). Taken together, the
above data demonstrate that Alex3 belongs to the KIF5/Mirol-2/Trak2 mitochondrial
trafficking complex and that the Alex3/Mirol protein interaction requires low Ca®’

concentrations.
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Figure 31: The interaction between Alex3 and the protein complex responsible for
mitochondrial transport depends on Ca®" levels. (a) The interaction between Alex3—-GFP and
Mirolmyc and Miro2myc is reduced in the presence of 2 mM of calcium. (b) When the EF-hand
mutant form of Mirolmyc is co-expressed with Alex3—GFP, the interaction between the two
components is no longer sensitive to Ca®" levels. (¢) The association between Alex3—-GFP and
Trak2myc is also dependent on the presence of Ca", thereby indicating that the whole complex
could be dismantled when Miro1/2 recognizes an increment in Ca*" levels. (d) Pull-down assays
using purified GST-Mirol and GST-MirolAEF proteins as bait and showing interaction with
Alex3 (in brain lysates) and its dependence on Ca” concentration (top panel). The lack of the EF-
hand domain in Miro-1 protein abolishes Ca*" dependence (bottom panel).
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2. - The Armcl0/SVH ancestral gene also regulates mitochondrial

dynamics in neuron and interacts with Miro/Trak2 complex

2.1 - Neuronal expression and cellular localization of Armc10/SVH protein

In contrast to the Armcx 1-6 proteins, which are encoded by single exons arrayed in a
gene cluster in chromosome X (Lopez-Domenech et al., 2012), the mouse Armc10
protein sequence is encoded by 7 exons localized in chromosome 7q11.22 (Huang et
al., 2003). It has been proposed that up to 6 isoforms arise from alternative splicing of
the Armcl0 gene. Of these, 4 have been detected in human hepatocarcinoma cells
(Armc10 A-D) (Huang et al., 2003). The Armc10 protein contains a transmembrane
domain at the N terminus (aa 7-29), a putative cleavage site (aa 30-36), and also a
flanking basic region near the transmembrane region (similar to that found in Tom20
and Bcl-w), which predicts putative targeting to the outer mitochondrial membrane
(Rapaport, 2003). Full-length Armc10 (A isoform) contains up to 6 armadillo domains
arranged in a DUF634 domain (aa 85-337). The former are partially deleted in some
isoforms. The protein also contains nuclear export signals and several potential
phosphorylation sites (Fig.31a).

Western blot (WB) experiments revealed that an anti-Armc10 antibody recognized up
to 4 bands in untrasfected HEK293T cells (Fig. 32b). These bands corresponded
presumably to different Armc10 isoforms. WBs of embryonic and adult brain lysates
showed a prominent 31- kDa band, which is likely to correspond to the Armc10 C
and/or E isoforms. We analyzed the regional and cellular patterns of protein
distribution by immunohistochemistry. Thus, the Armcl0 protein showed wide
expression both at developmental (E16-P5) and adult (Fig. 32c-g) stages, labelling
many neuronal populations. Labelling was prominent in the cerebral cortex,
hippocampus, thalamus and cerebellum. In most developing and adult neurons
Armc10 signals were prominent in neuronal nuclei and fainter staining was detected in

neuronal perikarya and in the neuropile.
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Figure 32. Schematic representation of Armc10 isoforms and expression of Armecl0
protein. (a) Structure, domains and putative phosphorylation sites of six Armcl0 (A-E)
isoforms. They all have an N-terminal potential transmembrane region and a predicted
cleavage site. The C-terminal domain (DUF634) consists of up of six Arm-like tandem repeats,
the distribution of which depends on the alternative splicing pattern of the Armc10 gene (see
numbers above representing exons). Stars point to putative phosphorylation sites by CK2 and
PKC kinases. (b) WB showing that an anti-Armc10 antibody recognizes four Armc10 bands,
presumably corresponding to isoforms (37.5, 34, 31 and 27 kDa) in HEK293T cells and one
single band, corresponding to isoforms of 31 kDa, in brain lysates from E16 and adult mice.
(c-g) Coronal sections of P5 and adult mouse brain showing expression pattern of the Armc10
protein in the cerebellum (¢,d), neocortex (e,g) and hippocampus (f). Boxed area in (g) shows
nuclear localization of the Armc10 protein in the neocortex. Abbreviations: Ad: Adult; CAl-
CA3: hippocampal regions CA1-CA3; DG: Dentate Gyrus; gl: granular layer; HIP:
hippocampus; II-III-IV: neocortical layers; ml: molecular layer; NC: neocortex; p: purkinje
cell layer; P5: post-natal 5; WM: White Matter; Scale bars: 100 um (¢-g); 50 um (boxed area

in g).
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To gain insight into the subcellular distribution of endogenous Armcl0 protein, we
immunostained HEK293T cells and hippocampal primary cultures. These cells
exhibited marked co-staining of the Armcl0 protein with mitochondrial markers in
both cell bodies and neurites (Fig. 33a,b). Faint staining was also visible in the nuclei
of cultured neurons (Fig 33b). The above data indicated that, like the Armcx3 protein,
Armcl0 is widely expressed in the nervous system, where it shows a bimodal

localization in mitochondria and the cell nucleus.

2.2 - Armc10 protein regulates mitochondrial aggregation and trafficking.

To examine the role of the Armc10 protein in mitochondrial dynamics, we transfected
HEK293T cells and hippocampal neurons with a GFP-tagged Armcl0 cDNA. In
agreement with the above studies, transfection of Armcl0 yielded a preferential
localization of this protein in mitochondria (Fig.33c,d). Armcx3 overexpression has
been found to lead to mitochondrial aggregation (Lopez-Domenech et al., 2012). To
study whether this also held true for the ArmclO protein, we analyzed the
mitochondrial phenotypes induced by Armcl0-GFP overexpression. In control
HEK293AD cells, most control transfected cells (MitDsRed, Fig.33e) displayed a
regularly arranged mitochondrial meshwork (as in Fig.33a). In contrast, up to 78% of
cells overexpressing Armcl0 displayed abnormal mitochondrial phenotypes: while
29% of cells showed strong phenotypes in which mitochondria were aggregated in a
single cluster near the cell nucleus (Fig.33d,e), 49% of transfected cells displayed
milder degrees of mitochondrial aggregation involving several clusters in which
individual mitochondria were still visible (Fig.33c,e).

In contrast, overexpression of Armc10-GFP in cultured hippocampal neurons caused
mild mitochondrial aggregation, without leading to severe aggregating phenotypes.
Thus, only 33% of transfected neurons displayed mild aggregating phenotypes, with
small clusters of mitochondria present in both the cell body and neurites (Fig.33f-h).
The differential aggregation phenotypes caused by Armcl0 overexpression in
HEK293AD cells and neurons support the notion of a differential regulation of

mitochondrial dynamics and aggregation in these two cell types.
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Figure 33. Armcl0 co-localizes with mitochondria and its overexpression alters
mitochondrial distribution, thus leading to perinuclear aggregation in HEK293AD cells
but not in neurons. (a-b) Confocal images showing mitochondrial colocalization of
endogenous Armc10 (green) with the mitochondrial marker MitDsRed (red) in HEK293AD
cells (a) and in 6 DIV hippocampal neurons (b). (c-e) Overexpression of Armcl0-GFP in
HEK293AD cells induces alterations in the distribution of mitochondria when compared with
the expression of MitDsRed control vector. These phenotypes were classified as “normal”,
“mild” and “aggregated”. Examples of HEK293AD cells displaying mild (¢) and strong (d)
aggregating mitochondrial phenotypes. (e) Histogram illustrating percentages of HEK293T
mitochondrial phenotypes after transfection with MitDsRed or Armcl0-GFP.  (f-g)
Hippocampal neurons overexpressing an Armcl0-GFP ¢cDNA display normal mitochondrial
phenotype (f) or a mild aggregated phenotype (g) with small clusters of mitochochondria in
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cell bodies and neurites (arrows). (h) Histogram illustrating percentages of hippocampal
neurons showing normal and mild phenotypes after transfection with MitDsRed or Armc10-
GFP. We counted 62-157 HEK293AD cells and 35-41 neurons per condition. Data represent
meants.e.m of 3 independent experiments. Nuclei were stained with bisbenzimide (blue).
Scale bars: 10 um (a,c,d); 20 um (b.,f,g).

To address whether Armc10 protein levels alter mitochondrial trafficking in neurons,
we first transfected hippocampal neurons with Armc10-GFP ¢cDNA or with the control
vector MitDsRed. Two days later, axons from transfected neurons were identified and
recorded over 15 min, and mitochondrial dynamics was quantified using
kymographies (Hollenbeck and Saxton, 2005; Lopez-Domenech et al., 2012). Control
neurons displayed active mitochondrial trafficking (~30% of mitochondria) in
anterograde and retrograde directions (Fig.34a,b). Individual mitochondria moved at
an average velocity of ~0.16-0.19 pm/s (for retrograde and anterograde transport,
respectively; Fig.34b). Overexpression of Armc10-GFP resulted in a marked decrease
in the percentages of motile mitochondria, both in the anterograde and retrograde
directions. In contrast, the velocity of the mitochondria that remained motile was
unaffected by Armcl0 overexpression (Fig.34b). To study the contribution of
endogenous Armcl(0 protein to mitochondrial transport, we designed shRNA
sequences corresponding to the C terminal region of Armc10 in order to knockdown
all endogenous Armc10 isoforms (Fig.34c). Again, Armc10 downregulation resulted
in a percentage of motile mitochondria that was reduced by more than half in the
retrograde and anterograde directions of transport, in comparison with control neurons
transfected with a scrambled sequence. Interestingly, the velocity of the mitochondria
that remained motile was unaffected by the levels of Armcl0 protein expression
(Fig.34d,e). These findings indicate that Armc10 protein levels regulate mitochondrial

trafficking in neurons mainly by controlling the percentage of motile mitochondria.
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Figure 34: Armcl0 protein levels regulate mitochondrial axonal transport in
hippocampal neurons. (a) Series of three representative confocal images, taken every 30 s, of
live axons overexpressing MitDsRed or ArmclO0-GFP fusion protein. Representative
kymographs showing the full-time acquisition periods are shown in lower panels. (b) Graphical
representation of the percentages of motile mitochondria, and the velocity and distance covered
by individual mitochondria measured in kymographs in control and overexpressing neurons.
Data represent the meants.e.m. (¢) Examples of axons co-expressing MitDsRed plus an
Armc10-specific shRNAIi or a control shRNAi. In the right panel HEK293T cells were co-
transfected with an Armcl0-myc expression construct and pLVTHM, containing several
Armc10-specific shRNAi sequences (54, 55, 56, 57) and a scrambled control; cells were
lysated and processed for WB with an anti-myc antibody. One Armcl0-specific shRNAi
sequence (57) dowregulated Armcl0 protein expression and was selected to perform the
silencing experiments. (d) Series of representative confocal images, taken every 30 s, of live
axons overexpressing MitDsRed together with an Armcl0-specific shRNAi or a control
shRNAi. Representative kymographs showing the full-time acquisition periods are shown in
lower panels. (e) Graphical representation of the percentages of motile mitochondria, and the
velocity and distance covered by individual mitochondria measured in kymographs in shRNAi-
control and shRNAi-Armc10 overexpressing neurons. Data represent the meants.e.m. Scale
bars: 10 pm.
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2.3 - Armc10 protein interacts with the Miro/Trak2 and Mitofusins

Mitochondrial trafficking in neurons is believed to be controlled by the Kinesin 1
motor protein and by the adaptor and Rho GTPase proteins Trak2 and Mirol-2,
respectively (Guo et al., 2005; Pilling et al., 2006; Stowers et al., 2002). We thus
studied whether the Armc10 protein interacts with the Kinesin/Miro/Trak2 trafficking
complex. Immunofluorescence analyses in transfected HEK293AD cells showed
strong colocalization of Armc10 with Miro2 and Trak2, and partial overlapping with
KIF5C (Fig.35a). Co-immunoprecipitation experiments in HEK293AD cells
transfected with Armc10-GFP and either Mirol-myc or Miro2-myc cDNAs revealed
that Miro proteins were detected by WB in lysates immunoprecipitated with anti-GFP
antibodies. Conversely, immunoprecipitation with anti-myc antibodies revealed the
Armcl10-GFP protein. No co-immunoprecipitation was detected when cells were
transfected with either Mirol-2-myc or Armc10-GFP DNA alone (Fig.35b and not
shown). Co-immunoprecipitation experiments with the mitochondrial adaptor protein
Trak?2 also revealed co-association with the Armc10 protein (Fig.35b). In contrast, we
did not detect co-immunoprecipitation of the Armcl0-GFP protein with KIF5C,
KIF5A or KIF5B in transfected HEK293AD cells (Fig.35b and not shown).

To support these findings, we performed co-immunoprecipitation assays with adult
brain lysates (Fig.35c). The Armc10 protein was found to interact both with Mirol and
Trak2, but not with KHC, the heavy chain of Kinesin 1. The reverse
immunoprecipitation, with Trak2 and Mirol antibodies, also yielded the Armcl0

protein (Fig.35¢).
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Figure 35: Armc10 colocalizes and interacts with Mirol-2 and Trak2 but not with KIFS5C
proteins. (a) HEK293AD cells were transfected with Armc10-GFP and Miro2-myc, Trak2-myc
or KIF5C-myc and processed for immunocytochemistry. Note the high degree of colocalization
with Miro2 and Trak2, and partial colocalization with KIF5C. (b) Co-immunoprecipitation
expreriments in transfected HEK293AD cells. Immunoprecipitation with myc antibodies
revealed co-association of Miro2-myc and Trak2-myc with Armc10-GFP protein. The reverse
immunoprecipitation with GFP antibodies revealed interaction with Miro2-myc and Trak2-myc
proteins. No co-association was observed with KIF5C-myc. (¢) Immunoprecipitation experiments
in adult brain lysates. Immunoprecipitation with Armc10 antibodies reveals co-association with
Mirol and Trak2, but not with KHC (three upper panels). The reverse immunoprecipitation
shows interaction of Mirol and Trak2 with Armc10 (bottom panel). Scale bar: 10 um.

Recent studies underlines the role of the main actors in mitochondrial fusion process,
Mitofusin2 (Mfn2) in regulation of mitochondrial transport. Mfn2 is directly involved in
and required for axonal mitochondrial transport, distinct from its role in mitochondrial
fusion (Misko et al., 2010). Live imaging of neurons cultured from Mfn2 knock-out mice
or neurons expressing Mfn2 disease mutants shows that axonal mitochondria spend more
time paused and undergo slower anterograde and retrograde movements, indicating an
alteration in attachment to microtubule-based transport systems. Moreover, both Mfnl
and Mfn2 interact with mammalian MIRO proteins and Trak2 (Misko et al., 2010). We
thus studied whether Armcl0 can also interact with Mitofusinl and Mitofusin2.
Immunofluorescence analyses in transfected HEK293AD cells showed strong

colocalization of Armcl0 with Mitofusinl and Mitofusin2 (data not showed). Co-
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immunoprecipitation experiments in HEK293AD cells transfected with Armc10-GFP
and either Mitofusinl-myc or Mitofusin2-myc cDNAs revealed that Mitofusin proteins
were detected by WB in lysates immunoprecipitated with anti-GFP antibodies. The
reverse immunoprecipitation, with anti-myc antibodies, also yielded the Armc10 protein.
No co-immunoprecipitation was detected when cells were transfected with either
Mirol/2-myc or Armc10-GFP DNA alone (Fig.36a). The interaction between Armcl0
and Mfn2 was confirmed immunoprecipitating ectopically expressed in HEK293AD
ArmclOGFP with anti-GFP antibody and detecting endogenous Mfn2 in co-
immunioprecipitate with anti-Mitofusin2 antibody (Fig.36b).
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Figure 36: Armcl0 interacts with Mitofusinl and Mitofusin2 (a) HEK293AD cells were
transfected with Armc10-GFP and Mfnl-myc or Mfn2-myc. Immunoprecipitation with anti-GFP
antibodies revealed co-association of Mfnl-myc and Mfn2-myc with Armc10-GFP. The reverse
immunoprecipitation with anti-myc antibodies confermed co-association of Armcl10-GFP with
Mfnl-myc and Mfn2-myc. (b) The interaction between Armc10 and Mfn2 was further confirmed
transfecting HEK293AD with Armc10-GFP, immunoprecipitating with anti-GFP antibody and
detecting endogenous Mfn2 in co-immunoprecipitate by detection with anti-Mfn2 antibody.
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3. Alex3 and Armcl0 proteins regulate cell proliferation and

differentiation

3.1 Alex3 overexpression inhibits Wnt signaling pathway

Alex3 protein sequence contains six Armadillo repeats, found in a wide range of proteins
related to the Wnt/ B-catenin signaling. Wnt activation of B-catenin pathway results in the
accumulation of B-catenin in the cytosol and ultimately in the nucleus, where it combines
with TCF/LEF family of transcription factors to turn on the expression of Wnt target
genes. As multiple Wnt proteins have been implicated in key aspects of nervous system
development, we investigated a possible involvement of Alex3 in this signaling pathway,
using an in vivo physiological model: the chicken spinal cord (37a). Luciferase assay was
performed evaluating luciferase activity in embryos electroporated with pCIGAlex3
alone, and embryos co-electroporated with pCIGAlex3 and Wnt3a or stable form of f3-
catenin (B-catenin™®), lacking one of the four phosphorylation sites that mediate
axin/adenomatous polyposis coli complex binding and degradation (Tetsu and
McCormick, 1999). The results showed that the presence of Alex3 decreases TCF/LEF-
transcriptional activity at basal condition (10-folds) as well following Wnt3a (4-folds) or
B-catenin®® induction (2.8-folds), indicating that Alex3 substantially acts as an inhibitor

of canonical Wnt pathway (Fig.37b).
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Figure 37: Alex3 inhibits canonical Wnt pathway. (a) Schematic representation showing the
electroporation in chicken spinal cord. (b) Luciferase analysis of the transcriptional activity of
pCIGAlex3 alone or in combination with Wnt3a or B-cateninCA on TCF/LEF promoter. Graph
shows normalized luciferase units relative to pCIG control. Each bar represents mean +s.e.m.
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3.2 Alex3 and Armcl0 overexpression doesn’t affect dorso-ventral patterning of
spinal cord

Dorso-ventral patterning of the vertebrate nervous system is achieved by the combined
activity of morphogenetic signals secreted from dorsal and ventral signaling centers
(Ulloa and Briscoe, 2007). Wntl and Wnt3a are both expressed in dorsal regions of
chicken neural tube, promoting dorsalization and suppressing ventral program (Alvarez-
Medina et al., 2008; Muroyama et al., 2002), by signaling through the canonical B-
catenin/TCF pathway (Alvarez-Medina et al., 2008).

As we showed that Alex3 acts as an inhibitor of the canonical Wnt/B-catenin pathway,
we aimed to test whether Armcx3 and Armcl0 genes may be involved in cell fate
specification in chicken spinal cord.

For this purpose, we electroporeted pCIGAlex3, pCIGAlex3A(1-12) (Alex3 deletion
mutant lacking the mitochondrial localization signal located at N-terminal of the protein)
or pCIGArmc10 cDNAs, in chick embryos neural tubes (stage HH12). The cDNAs were
cloned in a bicistronic vector containing GFP sequence, so that the electroporated cells
were GFP positive (GFP"). As described below (see paragraph 3.4), we detected a
differential distribution of the GFP positive cells in pCIGAlex3 embryos respect to the
pCIG control.

Twenty-four hours post-electroporation (hPE), the expression of Nkx6.1 and Nkx2.2
(expressed in vivo by ventral CNS progenitors) and Pax7 (expressed in vivo by dorsal
CNS progenitors) transcription factors, was analyzed by immunohistochemistry, and no
changes were detected in their expression comparing electroporated and no
electroporated sides (Fig.38). This result indicates that Alex3 and Armc10 overexpression

doesn’t affect dorso-ventral patterning of spinal cord.
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Figure 38: Alex3 and Armcl0 overexpression doesn’t affect dorso-ventral patterning of
spinal cord. Twenty-four hours post-clectroporation (24hPE) of empty vector pCIG, pCIGAlex3,
pCIGAlex3A(1-12) or pCIGArmc10, expression of Nk6.1, Pax7 and Nkx2.2 is not altered. bar:
75 pm.

3.3 Armc10/SVH is expressed in spinal cord and localizes at mitochondria.

As Armcx gene cluster is specific to Eutherian mammals, we first wanted to characterize
the expression of the unique gene copy present in chick: the Armcl10/SVH gene that
shares a strong protein sequence homology with mouse Armc10. We characterized the
expression domains of Armcl0/SVH by in situ hybridization of HH19 HH24 embryos.

By HH19, when newly born neurons rise around 12% of cells in the neural tube (Wilcock
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et al., 2007), Armc10/SVH is expressed preferentially in dorsal regions and weakly in
floor plate (Fig.39a); by stage HH24, when neural differentiation is more active and
gliogenesis has not yet started, Armc10/SVH expression remained in dorsal progenitors
and floor plate, and appeared also in ventral motoneurons (Fig.39a).

To get insight into subcellular localization of chicken Armc10 protein in spinal cord, we
performed immunohistochemical analysis in HH24 stage embryos, and we found co-
localization between Armc10 protein and the mitochondrial marker COXIV (Fig.39b).

To analyze the function of the proteins of interest, we electroporeted the mouse
recombinant DNAs pCIGAlex3, pCIGAlex3A(1-12) or pCIGArmc10 in the neural tube.
The embryos were analyzed 24 hours after electroporation by immunohistochemical
analysis, showing that both Alex3 and Armc10 are cytosolic proteins co-localizing with
COXIV at mitochondria when overexpressed in chicken spinal cord (Fig.39c-d).
Moreover, the deletion mutant pCIGAlex3A(1-12) loses mitochondrial localization,

showing a diffuse cytosolic and nuclear staining (Figd).

125



a ISH Armc10/SVH

HHI19
HH24

b Armcl0 COXIV Overlay
=t
(o]
an)
o
¢ Alex3/DAPI V/DAPI Overlay
lag]
Eed
A
<«
9
@)
o,
d Alex3/DAPI /DAPI Overlay
~
v
o —
5 3
o™ N
- o
a o
T <
T O
=
o
e Armc10/DAPI VIDAPI Overlay

pCIGArmc10

Figure 39: Expression of endogenous Armcl0/SVH in spinal cord and subcellular
localization of mouse Alex3, Alex3A(1-12) and Armcl10.

(a) Armc10/SVH mRNA in situ hybridization in HH19 and HH24 embryo spinal cord. (b)
Immunohistochemical analysis of HH24 stage embryo showing co-localization between Armc10
protein (red) and the mitochondrial marker COXIV (green). Nuclei were stained with DAPI
(blue).
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(c-e) pCIGAlex3, pCIGAlex3A(1-12) or pCIGArmc10, were electroporated in HH12 neural tube
and embryos were analyzed 24 hours after electroporation. Cells were analyzed using antibodies
directed against Alex3 (red) or Armc10 (red), mitochondrial marker COXIV (green) and nuclear
marker DAPI (blu).

3.4 Full length Alex3 promote neuronal differentiation in chicken spinal cord
Wnt/B-catenin signaling plays a crucial role in maintaining neural precursor cells during
spinal cord development and the inhibition of the Wnt/B-catenin pathway is an important
prerequisite for neuronal differentiation (Chenn and Walsh, 2002; Zechner et al., 2003).
As we showed that Alex3 acts as an inhibitor of the canonical Wnt/B-catenin pathway,
we aimed to test whether Armcx3 and Armcl0O genes may be involved in neural
differentiation in chicken spinal cord.

In the developing spinal cord, neural progenitors reside in the ventricular zone (VZ) and
are identified by the expression of pluripotent factors such as Sox2. Neurogenesis is
accompanied by lateral migration to the mantle zone (MZ) and the expression of pan-
neural markers such as HuC/D. The neuronal differentiation phenotype can be monitored
by analyzing lateral distribution of GFP-positive cells in spinal cord of electroporeted
embryos.

Embryos electroporated with the empty vector pCIG, pCIGAlex3, pCIGAlex3A(1-12) or
pCIGArmc10 were analyzed 24 hours (Fig.40) or 48 hours (Fig.41) after electroporation,
by staining the neural tubes with the precursors marker Sox2 (delimitating the ventral
zone, VZ) and the differentiated neurons marker HuC/D (delimitating the mantle zone,
MV); thus we were able to distinguish the VZ to the MZ (Fig.40a; Fig.41a). pCIG cells
showed an even distribution through MZ and VZ; pCIGAlex3 cells were mainly at MZ
of the neural tube, whereas only few electroporated cells were located at VZ, strongly
differing respect to the pCIG control phenotype; pCIGAlex3A(1-12) and pCIGArmc10
cells were uniformly distributed between MZ and VZ, likely to the control phenotype.
These data are quantified in Figure 40b-c and 41b-c.

The results suggest that full length Alex3, but not Armc10 or Alex3 deletion mutant, acts

promoting differentiation.
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Figure 40: Lateral distribution of
GFP-positive cells in pCIGAlex3,
pCIGAlex3A(1-12) or
pCIGArmc10 electroporated
embryo. (a) HHI2 embryos were
electroporated in  ovo  with
pCIGAlex3, pCIGAlex3A(1-12) or
pCIGArmc10, analyzed 24 hours
after electroporation and processed
for the immunostaining indicated. (b-
) Quantification ~ of  lateral
distribution of GFP" cells from the
lumen to the mantel zone of the
neural tube. Data represent the
meants.e.m. *P<0.05.
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Figure 41: Lateral distribution
of  GFP-positive cells in
pCIGAlex3, pCIGAlex3A(1-12)
or pCIGArmcl0 electroporated
embryo. (a) HH12 embryos were
electroporated in ovo  with
pCIGAlex3, pCIGAlex3A(1-12) or
pCIGArmc10, analyzed 48 hours
after electroporation and processed
for the immunostaining indicated.
(b-¢) Quantification of lateral
distribution of GFP" cells from the
lumen to the mantel zone of the
neural tube. Data represent the
meants.e.m. *P<0.05.




We tested the hypothesis of full length Alex3 as promoter of neural differentiation
analyzing the expression of neuronal differentiation marker Tuj-1 (Neuron-specific class
I B-tubulin) in pCIG, pCIGAlex3, pCIGAlex3A(1-12) or pCIGArmcl10 electroporated
embryos, 48 hours after electroporation (Fig.42). We showed that most pCIGAlex3
electroporated cells express Tuj-1 marker, while there are no differences in Tuj-1
expression levels between pCIGAlex3A(1-12) or pCIGArmcl0 and control pCIG
electroporated cells (Fig42.a,c). This data confirm that full length Alex3, but not Armc10,
acts promoting differentiation.

We want also measure the size of area in which differentiated cells are located and
compare this size of electroporated and control side. In both full length Alex3 and
Armcl0 electroporated embryos, Tuj-1 positive region of electroporated side has a
smaller width respect to control side (Fig.42a,d).

Similarly, in both full length Alex3 and Armcl0 electroporated embryos, the HuC/D
positive area of electroporated side is smaller respect to control side (Fig.42b.e).

Taken together this data suggest that full length Alex3 overexpression acts promoting
differentiation; moreover, the overexpression of both full length Alex3 and Armc10 leads
to a decrease in differentiated cell density, maybe acting on precursors cells by promoting

an early cell cycle exit or affecting cell cycle length.
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Figure 42: Mitochondrial Alex3 overexpression promote differentiation, while
overexpression of both mitochondrial Alex3 and Armcl0 lead to a decrease in
differentiated cell density. (a,b) HH12 embryos were electroporated in ovo with pCIGAlex3,
pCIGAIex3A(1-12) or pCIGArmc10, analyzed 48 hours after electroporation and processed for
the immunostaining indicated. (¢) Graph showing the percentage of electroporated cells (GFP")
positive for Tuj-1. (d) Graph showing ratio between widths of Tuj marked region in
electroporated (EP) and control (CNT) side. (e) Graph showing ratio between area of HuC/D
marked region in electroporated (EP) and control (CNT) side. Data represent the meants.c.m.
*P<0.05.

3.5 Alex3 and Armc10 are involved in cell cycle regulation

To test the hypothesis of a possible involvement of Alex3 and ArmclO in cell cycle
progression, we transfected HEK293AD cells with Alex3-GFP, GFP-Alex3A(1-12),
Armcl0-GFP and control GFP constructs and measured the effects of their
overexpression on cell proliferation by staining for phospho histone H3 (PH3, M-phase
marker) and Bromodeoxyuridine (BrdU, S-phase marker; 2h pulse) after 48 hours from
transfection. We found that Alex3 and Armc10 expression cause a reduction in both BrdU

and PH3-positive cells.
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Quantitative analysis showed that Alex3-GFP and Armc10-GFP significantly decreased
HEK293AD cell proliferation; the data were normalized with respect to the GFP control
(Fig.43a-b).

Moreover we found that Alex3 mitochondrial localization is necessary to induce this
effect on cell cycle progression, since deletion of the first 12 N-terminal amminoacids
(containing the mitochondrial localization signal) in Alex3 sequence abolished this

phenotype (Fig.43a-b).
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Figure 43: Alex3 and Armc10 overexpression inhibits proliferation of cultured HEK293AD
cells. Effect of Alex3-GFP, GFP-Alex3A(1-12) and Armcl10-GFP on the proliferation of
cultured HEK293AD cells. (a) Quantitative results of the % of BrdU-labeled transfected
HEK293AD cells respect to total transfected cells. (b) Quantitative results of the % of PH3-
labeled transfected HEK293AD cells respect to total transfected cells.

3.6 Alex3 and Armc10 are negative regulators of cell cycle in chicken spinal cord.

To better investigate the involvement of Alex3 and ArmclO proteins in cell cycle
progression we moved to the chick embryo neural tube, as Alex3 was found to act as
inhibitor of canonical Wnt pathway in this system. The progression through the cell cycle
and the proliferation-differentiation balance are both regulated by Wnt/B-catenin signaling
and can be easily analyzed in chicken neural tube.

We analyze the number of GFP" cells expressing phospho histone H3 (PH3, M-phase
marker) or Bromodeoxyuridine (BrdU, S-phase marker) incorporation after 40-min pulse,
in control pCIG, pCIGAlex3, pCIGAlex3A(1-12) or pCIGArmclO -electroporated

embryos, 24 hours after electroporation (Fig.44).
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We found a significant decrease in proliferation in pCIGAlex3 and pCIGArmcl0
electroporated embryos (Fig.44c-d), indicating that both full length Alex3 and Armcl0

are negative regulator of cell cycle.
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Figure 44. Mitochondrial Alex3 and Armc10 overexpression affect cell cycle progression. (a-
b) HH12 embryos were eclectroporated in ovo with pCIGAlex3, pCIGAlex3A(1-12) or
pCIGArmc10 and analyzed 24 hours after electroporation for PH3 (a) and BrdU (b) staininig. (c-
d) Graphs showing that percentage of electroporated cells (GFP") positive for PH3 (c) or BrDU

(d) decrease in pCIGAlex3 and pCIGArmcl0 electroporated embryos. Data represent the
meanzs.e.m. *P<0.05.

3.7 - Gene expression profiling of Alex3 stable HEK293AD cell line

Several lines of evidence suggest that Alex3 may be implicated in the modulation of
transcription, such as its nuclear localization, the interaction with the transcription factor
Sox10 (Mou et al, 2010) and its ability to inhibits TCF/LEF transcriptional activity
(Fig.37). A better understanding of the downstream effects of Alex3 overexpression on
global gene expression would be helpful to further shade light on the biological processes
in which it is involved. For this purpose, we performed a genome wide transcription

profiling of HEK293AD cells stably expressing Alex3GFP.
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HEK293AD cells stably expressing Alex3GFP protein or GFP as control, were genereted
by transfecting these cells with vectors codifying for Alex3GFP or GFP in addition to a
geneticin resistance. We kept the cells in selection media containing geneticin until
colonies were developed; we picked about 12 colonies for plate. We chose the better
Alex3GFP or GFP expressing colonies by immunofluorescence assays and western blot
analysis (data not shown).

We used these clones in a genome wide transcription profiling study to identify genes
differentially expressed between HEK293Alex3GFP and HEK293GFP cells lines, using
Affymetrix HG-U219 Gene Chips. Microarray studies were performed using triplicate
RNA samples for each condition. Array image data analysis gave rise to six CEL files
(oe53.ga.cel, oed9.ga.cel, oed5.ga.cel, gfp-47.ga.cel, gfp-43.ga.cel, gfp-51.ga.cel),
corresponding to each triplicate condition.

The file containing the normalized expression values was loaded into MeV 4.8 for
statistical analysis. A hierarchical clustering (HCL) was performed to analyze the
replicates quality and, on the basis of the clustering, the data from gfp-43.cel was
excluded from further analyses.

The SAM (Significance Analysis of Microarray) test was used to identify significant
differentially expressed genes between control (“gfp” chips) and overexpressing cells
(“oe” chips). The SAM Graphic indicates the presence of genes differentially regulated
between the two conditions (Fig.45a). Specifically 21751 genes (49100 probesets) were
discarded as no-significant (p >0.05), whereas 99 genes (114 probesets) were selected
using a q-value <0.05 as threshold. Among them, 96 genes (110 probesets) were
downregulated and 3 genes (4 probesets) were found upregulated in Alex3GFP cell line
(Tab.5).

A hierarchical tree based on average linkage clustering, was calculated for the up-
regulated and down-regulated genes (Fig.45b-c). The results of the clustering highlighted
that most of the up-regulated genes were characterized by high basal level of expression

in control cells, which was further increased in the overexpression mutant.

134



D.9841345

09894763

099481815

g =

oefi.ga.cel &
cetd.ga.cel
oed5.ga.cel v‘

gfp-d47.ga.cel

gfp-51.ga.cel r
=

0.9536597

0.87681344

0.9999671

oed4¥.ga.cel &
oce5i.ga.cel
oe45.ga.cel :

gfp-47.ga.cel

gfp-51.ga.celm

w

Figure 45: Clustering can illustrate samples relationships. The Significance Analysis of
Microarray (SAM) test was used for the selection of genes differentially expressed between
control (“gfp” chips) and overexpressed line (“oe” chips). In the SAM Graphic the genes in red
correspond to the up-regulated genes, the genes in green are the down-regulated genes, while
black dots show gene with no-significant changes (GFPvsAlex3GFP). (a). Hierarchical clustering
of the significantly upregulated (a) or downregulated (b) probes for the two replicate groups,
HEK293Alex3GFP (“oe”) and HEK293GFP (“gfp”), (MeV 4.8 tool). Relative gene expression
levels are shown with high expression represented by red and low expression represented in
green. Dendrograms include average linkage clustering for the down-reguklates or up-
regulated genes.
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GENE_TITLE

cyclin D1

cyclin D1

RAP1A, member of RAS
oncogene family

heat shock 70kDa protein
1A

GENE_SYMBOL

CCND1
CCND1

RAP1A
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GENE_TITLE

cerebellar degeneration-
related protein 1, 34kDa
Ras-related GTP binding A
cystathionine-beta-synthase
cystathionine-beta-synthase
cystathionine-beta-synthase
SMT3 suppressor of mif two 3
homolog 3 (S. cerevisiae)
aldehyde dehydrogenase 1
family, member A2
chromosome 1 open reading
frame 43

RAB7A, member RAS
oncogene family

brain expressed X-linked 2
cystatin B (stefin B)
dermokine

creatine kinase, mitochondrial
1A /// creatine kinase,
mitochondrial 1B

flotillin 1

mortality factor 4 like 1
histone cluster 1, H1d
minichromosome
maintenance complex
component 2

melanoma antigen family D, 1
SPC24, NDC80 kinetochore
complex component, homolog
(S. cerevisiae)

cystatin B (stefin B)

zinc finger protein 24

SET binding factor 1

succinate dehydrogenase
complex, subunit C, integral
membrane protein, 15kDa
cyclin-dependent kinase
inhibitor 2A (melanoma, p16,
inhibits CDK4)

SMT3 suppressor of mif two 3
homolog 3 (S. cerevisiae)
aprataxin

translocase of inner
mitochondrial membrane 17
homolog B (yeast)

SIN3 homolog A, transcription
regulator (yeast)

sigma non-opioid intracellular
receptor 1

translocase of outer
mitochondrial membrane 5
homolog (yeast)
chromosome 18 open reading
frame 10

GABA(A) receptor-associated
protein-like 2

GENE_SYMBOL

CDR1

RRAGA
CBS
CBS
CBS

SUMO3
ALDH1A2
Clorfa3

RAB7A

BEX2
CSTB
DMKN

CKMT1A ///
CKMT1B

FLOT1
MORF4L1
HIST1IH1D

MCM2
MAGED1
SPC24

CSTB
ZNF24
SBF1

SDHC

CDKN2A

SUMO3

APTX

TIMM17B

SIN3A

SIGMAR1

TOMM5

C180rf10

GABARAPL2
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UNIGENE_ID

Hs.446675

Hs.723151
Hs.533013
Hs.533013
Hs.533013

Hs.474005
Hs.643455
Hs.287471

Hs.723832

Hs.398989
Hs.695
Hs.417795

Hs.425633

Hs.179986
Hs.374503
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Hs.477481

Hs.5258

Hs.381225

Hs.695
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Hs.444472
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Hs.30570

Hs.513039

Hs.522087

Hs.130774

Hs.436636

Hs.461379

Fold change
(Unlogged)
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0,3860609
0,39911732
0,400407

0,44664207
0,4801666
0,4809587

0,48790807

0,49184987
0,49903056
0,5053733

0,5080059

0,51632863
0,5254258
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0,54395175
0,54544115
0,56027585

0,560293
0,566643
0,567206

0,567508

0,56838053

0,56926894

0,57296246

0,5744171

0,574863

0,5765314

0,5781048

0,580632

0,581035

g-value (%)

3,872936

3,5082

3,6753

4,0929
4,0470

1,6989

4,3711

2,81393

4,7392

3,5082

3,6753
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11733874_a_at
11748012_x_at
11754365_s_at

11726125_at

11720232_at

11738335_x_at

11715621_at
11715866_x_at
11753251_a_at
11757405_a_at

11757576_x_at

11715569_at

RuvB-like 1 (E. coli)
reticulon 3

homeobox A10

quinolinate
phosphoribosyltransferase
transmembrane 7 superfamily
member 2
pyrroline-5-carboxylate
reductase family, member 2
solute carrier family 37
(glucose-6-phosphate
transporter), member 4
ring finger protein 7
transducin-like enhancer of
split 4 (E(sp1) homolog,
Drosophila)

flotillin 1

ATPase, H+ transporting,
lysosomal 13kDa, V1 subunit
G2 /// HLA-B associated
transcript 1

guanylate cyclase 1, soluble,
alpha 3

plastin 3

cystatin B (stefin B)

death associated protein 3
ubiquitin carboxyl-terminal
esterase L1 (ubiquitin
thiolesterase)

ubiquitin carboxyl-terminal
esterase L1 (ubiquitin
thiolesterase)

homeobox B5

small EDRK-rich factor 2
creatine kinase, mitochondrial
1A /// creatine kinase,
mitochondrial 1B

zinc finger protein 22 (KOX 15)
dynactin 3 (p22)

major histocompatibility
complex, class |, B

mannose phosphate
isomerase

3'(2"), 5'-bisphosphate
nucleotidase 1

structural maintenance of
chromosomes 4
transmembrane protein 9
receptor tyrosine kinase-like
orphan receptor 2
homeobox A5

ubiquitin carboxyl-terminal
esterase L3 (ubiquitin
thiolesterase)

tumor protein p53
ubiquitin-fold modifier
conjugating enzyme 1
ATPase, H+ transporting,
lysosomal 14kDa, V1 subunit F
jumping translocation
breakpoint

methionine sulfoxide
reductase B2

casein kinase 2, beta
polypeptide

CD9 molecule

RUVBL1
RTN3
HOXA10

QPRT
TM7SF2

PYCR2

SLC37A4
RNF7
TLE4
FLOT1

ATP6V1G2 ///
BAT1

GUCY1A3

PLS3
CSTB
DAP3

UCHL1

UCHL1

HOXB5
SERF2

CKMT1A ///
CKMT1B

ZNF22
DCTN3

HLA-B
MPI
BPNT1

SMC4
TMEMS
ROR2

HOXA5
UCHL3

TP53

UFC1
ATP6V1F
JTB
MSRB2

CSNK2B

CcDbo
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Hs.473761
Hs.110637
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Hs.31130

Hs.654718

Hs.719203

Hs.134623

Hs.444213

Hs.179986

Hs.249227

Hs.24258

Hs.496622
Hs.695
Hs.516746

Hs.518731

Hs.518731

Hs.654456
Hs.424126

Hs.425633

Hs.462693
Hs.511768

Hs.130838

Hs.75694
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Hs.162241
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Hs.301412
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Hs.6396

Hs.461420

Hs.73527

Hs.114286

0,582862
0,5919385
0,59319234

0,5970813

0,6032558
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0,6152057

0,6174958

0,61778367

0,6193295
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0,6207649
0,620822
0,6222521

0,62278336

0,6311897

0,6312294
0,6328649

0,633066

0,6336687
0,6385269

0,6385467

0,6430768

0,64708006

0,6498452
0,65092266
0,6574552

0,66072875
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eukaryotic translation

11723916_at initiation factor 2, subunit 2 EIF2S2 Hs.429180 0,7588636 3,5082
beta, 38kDa
11728320_a_at cystatin B (stefin B) CSTB Hs.695 0,7613518 1,6079
11731149_a_at apolipoprotein O-like APOOL Hs.706885 0,7616948 4,2077
11715645_s_at chromosome 22 open reading | (., (7q Hs.474643 0,7691503 4,0929
- frame 28
abhydrolase domain
11733839_s_at L ABHD2 Hs.122337 0,7917911 3,1595
- containing 2
11719492_s_at interferon-induced protein 35 IFI35 Hs.632258 0,810749 4,3711

Table 5: SAM (Significance Analysis of Microarray) test was used to identify significant
differentially expressed genes between control (“gfp” chips) and overexpressing cell line (“oe”
chips). Upregulated and Downregulated probesets are reported together with the corresponding
gene, gene symbol, unigene id, fold change and g-value. Significant genes were selected by
setting a p-value <0.05 and a g-value <0.05 as threshold. The g-values were calculated by using a
permutation test (100 tests).

Functional pathway analysis of the ninety six down-regulated genes was performed using
Reactome, a database in which proteins participating in reactions form a network of
biological  interactions and are  grouped into  biological = pathways
(http://www.reactome.org/ReactomeGWT/entrypoint.html). Examples of biological
pathways in Reactome include signaling, innate and acquired immune function,
transcriptional regulation, translation, apoptosis and classical intermediary metabolism. In
Fig.38 we show the five main pathways reported by Reactome analysis. Ten out of ninety

six down-regulated-genes belong to metabolic pathways.
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Figure 46: Pathway analysis for the 96 down-regulated genes in HEK293Alex3GFP vs
HEK293GFP cells. The five main pathways reported by Reactome analysis are shown in the
graphic and in the table, together with the number of genes included in each category, the
percentages respect to the total number of down-regulated genes and the gene symbols.

Among them we found genes involved in Metabolism, such as ACADVL, “Very long-
chain specific acyl-CoA dehydrogenase”, codifying for mitochondrial protein catalyzing
the first step of the mitochondrial fatty acid beta- oxidation pathway (Isackson et al.,
2013); TM7SF2, “Transmembrane 7 superfamily member 27, involved in the conversion
of lanosterol to cholesterol (Bennati et al., 2006); ACLY, “ATP citrate lyase”, catalyzing
the formation of acetyl-CoA and oxaloacetate (from citrate and CoA) and supporting
several important biosynthetic pathways, including lipogenesis and cholesterogenesis
(moreover in nervous tissue, ATP citrate-lyase may be involved in the biosynthesis of
acetylcholine) (Chypre et al., 2012).

Five out of ninety six down-regulated-genes belong to Cell Cycle/Mitotic pathways.
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Among them we found: MCM2, “minichromosome maintenance complex component 27,
codifying for a key component of the pre-replication complex, involved in the formation
of replication forks and in the recruitment of other DNA replication related proteins
(Evrin et al., 2013); SPC24, “spindle pole body component 24 homolog”, codifying for a
component of the essential kinetochore-associated NDC80 complex, which is required for
kinetochore integrity and the organization of stable microtubule binding sites in the outer
plate of the kinetochore during chromosome segregation and spindle checkpoint activity;
SMC4, “structural maintenance of chromosomes 47, a central component of the
condensin complex, required for conversion of interphase chromatin into mitotic-like
condense chromosomes (Bharadwaj et al., 2004); TUBB, “betal-tubulin”, forming
microtubules together with alfa-tubulin (Wade, 2007).

Four out of ninety six down-regulated-genes belong to Metabolism of protein pathway
(EIF2S2, “eukaryotic translation initiation factor 2, subunit 2 beta, 38kDa”; CCT3,
“chaperonin containing TCP1, subunit 3, gamma”; EIF3D, “eukaryotic translation
initiation factor 3, subunit D”; MPI, “mannose phosphate isomerase”) and Gene
expression pathway (EIF2S2, “eukaryotic translation initiation factor2, subunit 2 beta,
38kDa”; CSTF3, “cleavage stimulation factor, 3’ mRNA, subunit 3, 77kDa”; TM7SF2,
“transmembrane 7 superfamily member 2”; AARS, “alanyl-tRNA sinthetase™). Finally,
three down-regulated-genes belongs to Signal transduction pathway (ATP6V1G2/BAT1,
“ATPase, H' transporting, lysosomal 13kDa, V1 subunit G2/HLA-B associated transcript
1”; MAGEDI, “melanoma antigen family D, 17; YWHAE, “tyrosine 3-
monooxygenase/tryptophan 5S-monooxygenase activation protein, epsilon polypeptide™).
Moreover, among up-regulated genes we found CCNDI, codifying for cyclin D1,
belonging to the highly conserved cyclin family, whose members unction as regulators of
CDKs (Cyclin-dependent kinase), to contribute to the temporal coordination of each
mitotic event (Lew et al., 1991).

Taken together these data indicate that Alex3 overexpression causes changes in global
gene expression that involved key processes of cellular physiology, such as metabolic

processes or cell cycle progression.
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DISCUSSION






A - Armcx/Armcl0 gene expression

The Armcx gene cluster (Armcx1-6, Gpraspl-2 y bhlhb9) arose by retrotransposition

from a single Arm-containing gene (Armcl0), and by subsequent short-range tandem
duplications of a rapidly evolving region of the Eutherian X chromosome (Lopez-
Domenech et al., 2012).
Armc10 gene sequence has strong similarity to the Armcx genes, but several differences
can be found respect with them: 1) it maps out of the cluster, to the 7th human and the 5th
mouse chromosome; ii) it is a typical, multi-exon-containing gene, with the coding
sequence split in at least eight exons (Abu-Helo and Simonin, 2010; Simonin et al.,
2004), whereas all Armcx-coding sequences are contained in a single exon; iii) it is
present in all vertebrates, whereas all Armcx genes are specific to Eutherian (placental)
mammals.

Several Armcx/Armcl0 genes were found to be expressed in the brain (Kurochkin et

al., 2001), and in this work we further analysed the expression of Armcx/Armcl10 genes
during embryonic development, confirming their expression in the developing neural
tissues, neural crest derivatives and hind limbs, in addition to other tissues that were
specific for each gene (Fig.21). The neural expression of Armcx/Armcl0 genes, together
with their unusual and rapid evolution, is consistent with their involvement in the
evolution of innovative brain cortical structures among Eutherian mammals (Lopez-
Domenech et al., 2012).
Given that 1) the expression of retrotransposed genes depends largely on the regulatory
landscape of the insertion site, i1) gene clusters are often maintained to allow the sharing
of regulatory sequences, and iii) Armcx gene expression is similar, it was suggested that
the Armcx gene cluster is globally regulated (Lopez-Domenech et al., 2012), indicating
redundant function for Armcx/Armcl0 genes (Coveney et al., 2008). However, the
presence of 9 Armcex cluster genes in Eutherian mammals suggests that their proteins can
operate under specific physiological conditions, at different developmental stages, in
different subcellular compartments or in alternative splicing forms. One example can be
provided by the further evidences of neural expression of Alex3 and Armc10 described in
this work: looking at the subcellular localization of Alex3 and Armc10 in Purkinje cells
we showed that Alex3 is mainly localized at cytosol, whether Armc10 localized at nuclei
of these cells, probably carrying out different functions in the same cell type (Fig.22h and
Fig.32g).
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B - Armcx/Armce10 mitochondrial function

We describe Alex3 and Armcl0 as regulator of mitochondrial aggregation, dynamics
and trafficking in neurons. This notion has great relevance, given that mitochondrial
dynamics are essential for neuronal viability and neurotransmission. Lopez-Domenech et
al. showed that Alex3 protein is not involved in mitochondrial respiration, DNA copy
number  determination, mitochondrial ~membrane potential regulation, or
Ca*" homoeostasis and handling in mitochondria (Lopez-Domenech et al., 2012). This is
interesting because often proteins regulating mitochondrial dynamics also participate in
these bioenergetic processes (Santel and Fuller, 2001).
As yet shown for Alex3 protein (Lopez-Domenech et al., 2012), Armc10 also causes
mitochondrial aggregation and/or tethering in neurons and HEK293 cells (Fig.33). In
neurons, these processes are believed to serve to capture mitochondria at specific
locations requiring high-energy and Ca’* buffering conditions (Chang and Reynolds,
2006; MacAskill and Kittler, 2010). The mechanism by which Alex3 and Armc10 cause
mitochondrial aggregation may involve Mitofusins, as they both interact with Mfnl and
Mifn2 (Fig.23 and Fig.36). Nevertheless, we were unable to find evidence about the
involvement of Alex3 protein in mitochondrial fusion (Fig.24). Although Alex3 and
Armc10 promote mitochondrial tethering and this process could facilitate mitochondrial
fusion (Hoppins and Nunnari, 2009), it is possible that a signal was required for
membranes fusion, possibly through Mitofusins activation.
On the other hand, it has been recently shown that Mitofusin2 is directly involved in and
required for mitochondrial axonal transport, independently from its role in mitochondrial
fusion (Misko et al., 2010). Importantly, both Mitofusinl and Mitofusin2 interact with
mammalian Mirol/Miro2 and Trak2 (Van Straaten and Hekking, 1991). Moreover
mitochondrial peri-nuclear aggregation phenotypes have been observed after dysfunction
in Mirol/2 and Trak2 proteins, suggesting that alteration of transport results in
aggregation (Liu and Hajnoczky, 2009; MacAskill and Kittler, 2010). For this reasons we
can suppose that Alex3 and Armcl0 cause mitochondrial aggregation and/or tethering
independently of a possible role in mitochondrial fusion.

It is interesting to note that the evolutionary appearance of the Armc10 gene in basal
chordates coincides with the genomic duplication of mitochondrial dynamics-related

genes, including Mitofusins and Miro GTPases (Vlahou et al., 2011). This observation
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suggests a coordinated increase in the complexity of the molecular machinery that
regulates this process.

Alex3 and Armcl0O interact with the KIF5/Miro/Trak2 complex, which controls
mitochondrial dynamics in neurons and at least Alex3 fulfill this function in a Ca®'-
dependent manner (Fig.29, Fig.21 and Fig.35). Our immunoprecipitation experiments
show that Alex3 and ArmclO interact directly with Mirol-2 and Trak2. However, we
were unable to find a direct interaction with the Kinesin motor KIF5. Importantly, the
interaction of Alex3 with Miro/Trak2 proteins requires low Ca’" concentrations, as the
presence of Ca”" dramatically reduced the interaction. Furthermore, mutation of the EF-
hand motif in Mirol protein abolished this Ca’*dependence, thereby indicating that Ca®'-
driven conformational changes in Miro proteins (MacAskill et al., 2009a; Nelson and
Chazin, 1998; Wang and Schwarz, 2009) are the essential mechanisms that regulate the
interaction  between Alex3 and the  Miro/Trak2complex. Thus, while low
Ca”" concentrations may favour the formation of KIF5/Miro/Trak2/Alex3 complex,
increases in intracellular Ca®" rapidly uncouple such complex (including Alex3), thereby
arresting mitochondrial trafficking.

Our experiments indicate that the C-terminal region of Alex3, containing six Arm
domains, is required to interact with Miro protein (Fig.30). However, we do not yet know
whether this interaction is mediated directly by these domains, as is the case for other
proteins (Tewari et al., 2010), or by other regions included in the C-terminus. It can be
interesting mentioned that the protein pll5, localized at Golgi membrane, contains
armadillo domains mediating the interaction with the GTPase Rabla, serving as vesicle
tethering factor and playing an important role at different steps of vesicular transport (An
et al., 2009).

The notion that Alex3 (and possibly also Armcl0) interacts with the
Miro/Trak2 complex when mitochondria are motile at low Ca®" concentrations
(Macaskill et al., 2009b; Wang and Schwarz, 2009) is further supported by our findings
that knockdown of Alex3 (such as Armc10) results in a decrease in the percentages of
motile mitochondria, similarly to what was observed in Miro/Trak2 loss-of-function
(Brickley and Stephenson, 2011; MacAskill et al., 2009a; Saotome et al., 2008). The
observation that knockdown of Alex3 and Armc10 do not affect the speed of the few
motile mitochondria present suggests a mechanism in which Alex3 and Armc10 favor the

formation of KIF5/Miro/Trak2 complexes (thereby enhancing mitochondrial trafficking).
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However, Alex3 and Armc10 are unlikely to be involved in regulating the motor activity
of Kinesin itself. We consider our overexpression findings, in which both the percentage
and velocity of motile mitochondria were reduced, to provide further evidence of the
physiological involvement of Alex3 and Armcl0 in mitochondrial trafficking, possibly
by deregulating and/or recruiting components of the complex (acting as a dominant
negative). Together with our biochemical data, the present functional study proposes a
model in which Alex3 and Armcl0 proteins are positive regulators of mitochondrial
trafficking, by interacting directly with Miro/Trak2. Furthermore, as shown for the
KIF5/Miro/Trak2 complex (Macaskill et al., 2009b; Wang and Schwarz, 2009), increased
neuronal activity leading to increases in Ca® is likely to
cause Alex3/Miro/Trak2 complex disassembly and mitochondrial arrest at active
neurotransmission sites, thereby fulfilling the bioenergetic requirements of neuronal
transmission.

In conclusion, we described Alex3 and Armcl0 as proteins with evolutionarily
conserved functions in the regulation of mitochondrial dynamics and transport. However,
gene-specific particularities are present: whereas dysregulation (both overexpression and
downregulation) of Armcl0 protein levels causes marked mitochondrial arrest, we did
not find evidence of involvement of the Armc10 protein in the regulation of the velocity
of the few mitochondria that remained motile in the two experimental conditions. In
contrast, Alex3 protein participates to this regulation. Moreover, Armc10 overexpression
induced mitochondrial aggregation in HEK293T cells, but not in hippocampal neurons.
Armcl0 involvement in fusion/fission processes or in Ca’"dependent interaction with
mitochondrial transport machinery, remains to be further investigated.

These data suggest overlapping but differential levels and mechanism of regulation of
mitochondrial dynamics and transport by Alex3 and Armcl0 proteins and probably by
the whole Armcx cluster.

Further studies are needed to ascertain whether the novel Armc10/Armex gene family of
mitochondrial proteins described herein contributes to the pathophysiology of
neurological diseases, which often bear mutations or functional dysregulation in proteins

controlling mitochondrial trafficking in neurons (Chen and Chan, 2009; Han et al., 2011).
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C - Nuclear function of Armcx/Armc10 and Wnt signalling pathway

Mitochondria are dynamic organelles playing critical roles in energy production,

apoptosis, and intracellular signaling (Finkel and Holbrook, 2000; Wallace, 2005). Not
surprisingly, changes in mitochondrial number, distribution and activity are highly
regulated depending to cell requirement and to the developmental stage (Nagata, 2006;
Wallace, 2005).
Although mitochondria contain their own genome encoding 13 subunits involved in
electron transport, the vast majority of the estimated 1000—1500 mitochondrial proteins
are nuclear encoded (Johnson et al., 2007; Pagliarini et al., 2008). Mitochondrial
biogenesis requires a sophisticated transcriptional program capable of responding to the
energetic demands of the cell by coordinating expression of both nuclear and
mitochondrial encoded genes (Scarpulla, 2002).

Moreover, nuclear gene expression can be influenced by signals coming from
mitochondria, a process called retrograde communication (Liao and Butow, 1993; Liu
and Butow, 2006; Parikh et al., 1987; Poyton and McEwen, 1996), so that the regulation
of mitochondrial activity depends on a bidirectional flow of informations. The retrograde
signaling could be realized by the translocation of some mitochondrial proteins to the
cytoplasm, and/or into the nucleus (Cannino et al., 2007).

In skeletal mammalian myoblasts and in human pulmonary carcinoma cells,
mitochondrial retrograde signaling seems to occur through cytosolic [Ca®']i changes
(Amuthan et al., 2002; Biswas et al., 1999). The alteration of mitochondrial membrane
potential (A¥) reduces mitochondrial Ca®" uptake and, in turn, it reduces ATP
availability, causing reduction of calcium efflux into storage organelles or outside the
cells. Increased cytosolic Ca’" concentration in turn activates calcineurin, and related
factors such as Ca*'-dependent kinases, causing the activation of different nuclear
transcription factors (Butow and Avadhani, 2004).

In summary, the control of mitochondrial biogenesis and function requires a variety of
well-orchestrated regulatory mechanisms, and a continuous nuclear-mitochondrial
communication allows the cell to respond to changes in functional state of mitochondrial
in both physiological and pathological conditions (Butow and Avadhani, 2004; Cannino
et al., 2007; Finley and Haigis, 2009; Liu and Butow, 2006).

In this work we characterize the function of Alex3 and Armc10 proteins, both targeted to

mitochondria and controlling the distribution and dynamics of these organelles in
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HEK293AD cells and hippocampal neurons. The mitochondrial localization of Alex3 and
Armc10 was previously described (Mou et al., 2009), consistent with the presence of a
putative mitochondrial targeting signal in their sequences. Moreover it was demonstrated
that Alex3 is located in the outer-surface of mitochondria (Mou et al., 2009), with its C-
terminal (containing the Arm domains) exposed to the cytosol.

However, Alex3 and Armc10 localization is not restricted to mitochondrial compartment.
All splicing variants of Armc10, when overexpressed in QSG-7701 cells were localized
in the cytoplasm and nuclear envelope (Huang et al., 2003); we also showed that
endogenous Armc10 also localized at nuclei (Fig.32g and Fig.33b) This data is consistent
with the study of Zhou et al.,, where Armc10-B isoform was described to regulate
transcription though interaction with p53 (Zhou et al., 2007).

In addition to putative mitochondrial targeting sequences, Alex3 contains a nuclear
localization signal and has nuclear localization in neurons (Fig.10 and Fig.22g).
Moreover, the deletion of the first 12 aminoacids at N-terminal of Alex3 sequence (where
putative mitochondrial targeting signal is located), abolishes mitochondrial targeting and,
interestingly, led to nuclear localization of the mutant form (Fig.11). The observation is
consistent with a previous study showing interaction of Alex3 with the transcription
factor Sox10 and enhancement of its transcriptional activity by Alex3 (Mou et al., 2009).
On the other hand we showed that chicken endogenous Armc10 protein and mouse Alex3
or Armcl0 proteins (ectopically expressed in chicken spinal cord), also localize at
mitochondria (Fig.39). Moreover, the deletion of the first 12 aminoacids at N-terminal of
Alex3 sequence, also abolishes mitochondrial targeting in chicken spinal cord cells,
without restrict Alex3 localization at nuclear compartment, but causing a diffuse cytosolic
and nuclear localization. This data suggest that the mechanisms regulating Alex3
localization between nucleus and mitochondria may be organism- or tissue-specific.
Taken together, these observations support that Armcx genes have biological functions in
two compartments (namely, mitochondria and nucleus), as has been shown for other
proteins, including Sox10, DISC1 and HDAC1 (Atkin et al., 2011; Kim et al., 2010;
Sawamura et al., 2008). Finally, because of their transcriptional control (Mou et al.,
2009) and the presence of six Arm domains, Armcx/Armi10 genes may functionally
interact with the Wnt/B-catenin pathway, (as showed in 3.1 and discussed below). The
observation that the lack of the N-terminal region targets Alex3 to the nucleus and the

existence of a putative starting codon at the first internal methionine (aa 38) raise the
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possibility of alternatively translated isoforms acting selectively at the mitochondria or in
the nucleus.

Our data suggest that the Armc10/Armex gene cluster encodes a new protein family
that may act as a shuttle between the mitochondrial and nuclear compartments. They
may act, in response to certain stimuli or physiological conditions, regulating
mitochondrial transport and/or tethering in order to promote the renewal/replacement

of dysfunctional mitocondria, in a quality-control mechanism (Tatsuta and Langer,

2008).

Nevertheless, the exact function carried out by Alex3 and ArmclO following re-
localization to nucleus or mitochondria, the mechanism by which they can translocate
to/from nucleus and the conditions activating that translocation, are still far to be
understood.

In order to find a molecular pathway in which Alex3 may carry out its function during

development, we alight on its protein structure: the whole Armcx/Armc10 cluster codify
for proteins containing six Armadillo repeats, found in a wide range of proteins related to
the Wnt/B-catenin signaling, such as -catenin or Adenomatous polyposis coli (APC).
Wnt proteins are important mediators of intercellular communication, and the signaling
by members of the Wnt family of molecules is crucial for normal embryonic development
in various systems, including the nervous system. They can influence tissue organization
and growth by functioning locally, in an autocrine manner or on immediately adjacent
cells, and can also act at a distance, by generating a gradient across a tissue.
The role of Wnt signaling in the development and maturation of the vertebrate nervous
system includes the control of cell proliferation, differentiation, cell migration, axonal
guidance, axon remodelling, dendrite morphogenesis and synapsis formation (Carmona-
Fontaine et al., 2008; Chenn and Walsh, 2002; Hirabayashi et al., 2004; Lyuksyutova et
al., 2003; Matthews et al., 2008; Salinas, 1999; Salinas and Zou, 2008).

These processes are extremely expensive in terms of energy and need an appropriate
mitochondrial distribution and functionality to fulfill local energy requirement or Ca*"
buffering (Hollenbeck and Saxton, 2005; Morris and Hollenbeck, 1993). Little is known
about signaling pathways involved in the regulation of these processes, and few studies
suggest molecular link between Wnt/B-catenin pathway and mitochondrial function. For

instance, it was described that the activation of Wnt signaling by Wnt-3a results in
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significant increase in mitochondrial biogenesis (An et al., 2010; Yoon et al., 2010) and
in reduction in organelle membrane injury and apoptosis (Deng et al., 2009; Wang et al.,
2009b). Moreover, it was described that the proinflammatory mediator Leukotriene D(4),
implicated in the pathology of chronic inflammation and cancer, causes translocation of
B-catenin to the mitochondria, triggering a cellular increase in NADPH dehydrogenase
activity, ATP/ADP ratio and in the transcription of mtDNA (Mezhybovska et al., 2009).
Another link between Wnt/B-catenin pathway and mitochondrial function cames from
APC, localizing at several cell compartments (Henderson, 2000; Nathke, 2006; Neufeld
et al., 2000a; Neufeld et al., 2000b). In particular, truncated APC mutants preferentially
accumulate at mitochondria and regulate accumulation of Bcl-2, contributing to the
survival and proliferation of cancer cells (Brocardo et al., 2008). The truncated APC
mutants shuttle more dynamically than full-length APC and could potentially transport
specific factors (e.g., Bcl-2) from the nucleus to the mitochondria to extend tumor cell
survival. More recently, Qian et al. (Qian et al., 2010) confirmed the localization of APC
at mitochondria and showed that caspase-cleaved shortened forms of APC bound to the
protein hTID-1 at mitochondria. hTID-1 is a regulator of apoptosis, and APC was shown
to bind two distinct hTID-1 isoforms (40 and 43 kDa) that can differentially affect
apoptosis.
Probably the stronger contribution to the understanding of the link between Wnt/B-
catenin pathway and mitochondrial function/dynamics comes from unpublished data
collected in our lab. This data indicate that the mitochondrial aggregation phenotypes
induced by Alex3 overexpression in HEK293 cells is attenuated by treatment with several
Wnts, trough Wnt-induced Alex3 degradation. Moreover, while the Wnt canonical
pathway did not alter the pattern of mitochondrial aggregation induced by Alex3,
Wnt/PKC non-canonical pathway regulated both Alex3 protein levels and Alex3-induced
mitochondrial aggregation. Wnt/PKC non-canonical pathway probably acts trough Alex3
de-phosphorylation, targeting Alex3 protein to a proteasome-independent degradation
pathway. These data links non-canonical Wnt signaling cascade to various and
convergent functions of mitochondrial biology, including the regulation of mitochondrial
aggregation, dynamics and trafficking, trough Alex3 protein levels regulation (Serrat et
al., submitted).

Taken together this data led us to speculate that Alex3 (but also the whole Armcx

cluster) could play a role in regulation of mitochondrial dynamics or function during
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neural development by regulating Wnt/B-catenin signaling pathway. Using the chicken
spinal cord as physiological model, we found that Alex3 overexpression decreases
TCF/LEF-transcriptional activity at basal condition and following Wnt3a or B-catenin*
induction, indicating that Alex3 substantially acts as an inhibitor of canonical Wnt/B-

catenin pathway (Fig.37).

D - Function of Armcx/Armc10 during spinal cord development

Wnt/B-catenin signaling pathway plays a pivotal role in spinal cord development, for

instance regulating patterning of neural tube, promoting the proliferation of dorsal spinal
progenitor cells and inducing the differentiation of dorsal spinal neurons. For this reason
we questioned if Alex3 and Armc10 could be involved in some of these developmental
processes.
As the Armcx gene cluster is specific to Eutherian mammals, we first wanted to
characterize the expression of the unique gene copy present in chick: the Armcl10/SVH
gene that shares a strong protein sequence homology with mouse Armc10. Armc10/SVH
is expressed in a dorsal to ventral gradient (highest dorsally) in mitotically active neural
precursors and weakly in floor plate (Fig.39a) at early stage HH19. This expression
pattern is maintained at the later stage (HH24), when Armc10/SVH transcripts appeared
also in ventral motoneurons, suggesting a possible role for Armc10/SVH in the control of
differentiation program progression.

The expression of Armcl10/SVH in a dorso-ventral gradient resembles the expression
of the mitogenic Wnt proteins (composed principally of Wntl and Wnt3a) across the
ventricular zone of the neural tube (Megason and McMahon, 2002). In vertebrates,
morphogenesis of the developing neural tube is achieved by the counteracting activities
of morphogenetic signaling gradients. Wntl and Wnt3a mRNA are co-expressed in
highly restricted dorsal domain (Alvarez-Medina et al., 2008; Megason and McMahon,
2002). However, in vivo reporter-gene analysis predicted canonical Wnt signaling to be
active in dorsal two-thirds of the developing mous (Maretto et al., 2003) and chick
(Alvarez-Medina et al., 2008; Megason and McMahon, 2002) spinal cord, suggesting a
broader function for Wnts. In particular, within the forming spinal cord, the dorso-ventral
gradient of Wnt signaling (composed principally of Wntl and Wnt3a) has been proposed

to organize the growth of neural progenitors (Alvarez-Medina et al., 2008; Megason and
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McMahon, 2002), promoting G; to S progression and negatively regulating cell

differentiation by inhibiting cell cycle exit.

Neural tube patterning

Even if Wnts have primarily been considered as mitogenic signals for neural cells
(Dickinson et al., 1994; Machon et al., 2003), several studies indicate that Wnt signaling
plays an additional and crucial role in patterning the neural tube (Alvarez-Medina et al.,
2008; Lee and Deneen, 2012; Yu et al., 2008). Overexpression of a stabilized form of -
catenin results in prominent changes in progenitor gene expression along the dorso-
ventral axis, in both mouse (Yu et al., 2008) and chick (Alvarez-Medina et al., 2008)
spinal cord: the expression patterns of dorsal markers such as Pax7 or intermediate
markers such as Pax6 are shifted ventrally at the expense of ventral progenitors marker
such as Nkx6.1, Olig2 and Nkx2.2. Moreover, the expansion of the territory of dorsal
progenitors results in the increased generation of dorsal neuronal subtypes with the
concomitant loss of ventral motor neurons (Duchen, 2004).
We showed that Alex3 acts as an inhibitor of the canonical Wnt/B-catenin pathway in
chicken spinal cord (Fig.37), then we expected to find an alteration in the expression
pattern of dorsal and ventral markers following overxpression of Alex3 (or Armcl0).
Surprisingly, we didn’t find any changes in the expression of ventral marker Nkx6.1 or
the dorsal marker Pax7. We can suppose that the inibition of Alex3 is not so strong as to
induce changes in patterning, at least at the analyzed developmental stage

(HH12+24hPE).

Proliferation and differentiation in neural tube

Another important aspect of neural tube development is the requirement of a highly
coordinated orchestration of progenitors cell proliferation and differentiation. In
developing chick spinal cord, cells located at ventricular zone (VZ) are proliferative
neural progenitor cells, which progressively initiate the expression of proneural genes
(such as Mashl and Neurogenins) in response to region-specific neurogenic signals.
Proneural genes drive neuronal progenitor cells to produce postmitotic neurons that
migrate into mantle zone (MZ).
Wnt/B-catenin signaling plays a crucial role in maintaining neural precursor cells during

spinal cord development. Overexpression of constitutively activated B-catenin promotes
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neural precursor proliferation (Chenn and Walsh, 2002). Conversely, knockout of -
catenin inhibits neural precursors proliferation and promotes neuronal differentiation
(Zechner et al., 2007). Thus, inhibition of the Wnt/B-catenin pathway is an important
prerequisite for neurogenesis and neuronal differentiation.

In this study we found that in Alex3 electroporated chicken spinal cord, Alex3 (GFP")
electroporated cells are mainly located at MZ of the neural tube, suggesting that Alex3
may promote neural differentiation.

Moreover, we found that in Alex3 electroporated embryos, most Alex3 electroporated
cells were Tuj-1 positive, producing a significant increase in the percentage of Tuj-
1"/GFP" cells with respect to the control embryos. This data confirmed that full length
Alex3 acts to promote differentiation and is coherent with its role of Wnt/B-catenin
pathway inhibitor. Importantly, this function is specific for Alex3 and was not found for
the Armcl0 protein, providing a functional divergence in the context of spinal cord
development.

Another interesting data is that the effect of Alex3 overexpression in promoting neuronal
differentiation requires the mitochondrial localization of Alex3, given that
pCIGAlex3A(1-12) deletion mutant overexpression doesn’t induce any changes in
electroporated cells distribution neither in Tuj-1 expression levels in GFP" cells.

This data leads to speculate that mitochondrial Alex3 could retain at mitochondria same
nuclear factor necessary for TCF/LEF activation, leading to the Wnt/B-catenin signaling
pathway inhibition and thus promoting differentiation. According with this mechanisms,
the deletion mutant pCIGAlex3A(1-12) shouldn’t be able to inhibit Wnt/B-catenin
signaling pathway. A similar mechanism was described by Mou et al., suggesting a novel
signaling cascade between the mitochondria and the nucleus through a Sox10/Alex3
protein complex. They propose that Alex3 modulates the transcriptional activity of Sox10
retaining it to mitochondria, where it could undergo post-translational modifications
resulting in an increased transcriptional activity once transported into the nucleus (Mou et
al., 2009). However, we cannot yet sustain that the effect of Alex3 overexpression on
neuronal differentiation is achieved by inhibition of Wnt/B-catenin pathway and further
experiments are required to support this intriguing hypothesis.

Our data also showed that overexpression of both full length Alex3 and Armc10 (but
not the overexpression of pCIGAlex3A(1-12) mutant) causes a decrease in differentiated

cell density (Fig.42d and 42e). Further analysis revealed a reduction in proliferation of
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neural progenitors after the overexpression of full length Alex3 and Armcl0 (Fig.44).
These results indicate that both Alex3 and Armc10 are negative regulators of cell cycle,
and that mitochondrial localization of Alex3 is required to carry out this function, even if
we don’t yet know if Alex3/Alrmc10 overexpression acts on precursor cells cell cycle by
promoting an early cell cycle exit, or affecting cell cycle length, or altering the balance
between the 3 modes of division in neural precursors (PP, PN, NN). However, we can
explain the reduction in the total number of neurons generated as consequence of the
negative regulation on cell cycle.

Taken together, our data suggest that full length Alex3 is involved in both negative

cell cycle regulation (possibly promoting cell cycle exit) and induction of differentiation
in neural precursors; this double action would be reflected in lateral distribution of full
length Alex3 overexpressing cells at mantle zone.
On the other hand, Armc10 is only involved in negative cell cycle regulation (possibly
just affecting cell cycle length) and for this reason we find Armc10 overexpressing cells
uniformly distributed between MZ and VZ. However, the effects of overexpression of
both constructs result in a reduction of differentiated cells density in the electroporated
side of neural tube. These differences between Alex3 and Armc10 overexpression effects
on spinal cord developmental processes highlight functional divergences between the two
proteins, suggesting that Alex3 may have acquired additional function respect to Armc10,
phylogenetic ancestor of the whole Armcx gene cluster.

The data collected in this study, describing Alex3 overexpression effects on spinal
cord development, are coherent with the inhibitor function of Alex3 on Wnt/B-catenin
pathway. However there is not sufficient evidence to sustain that these effects on
progenitor cell cycle and neuronal differentiation are achieved by inhibition of Wnt/p-

catenin pathway and further experiments are required to support this hypothesis.

E - Downstream effects of Alex3 overexpression: candidate genes involved

To shade light on the biological processes in which Alex3 can be involved (trough
regulation of mitochondrial dynamics, regulation of Wnt/B-catenin pathway or new and
different activity) we carried out a genome-wide analysis of changes in mRNA levels
subjecting HEK293AD cells stably expressing Alex3GFP to microarray analysis.
HEK293AD cells are human embryonic kidney cell line and were used in our studies to

analyze the Alex3 function in mitochondrial dynamics, together with primary mouse
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hippocampal neurons. They express all the molecular elements belonging to Wnt
canonical and non-canonical signaling cascade, and studies performed by our groups
confirmed that Alex3 acts as an inhibitor of TCF/LEF-transcriptional activity both at
basal level and after B-catenin or Wnt3a activation in this cell type, similarly to in
chicken spinal cord. Our results indicate that Alex3 overexpression causes changes in
global gene expression that involved key processes of cellular physiology.

Alterations in mRNA levels were found mainly for genes involved in metabolism and
cell cycle regulation. In mitochondria, energy can be obtained from glucose or glycogen
through anaerobic glycolysis and from oxidation of carbohydrates and fatty acids. The
common metabolic product of sugars and fats is acetyl-CoA, which enters the Krebs
cycle. Oxidation of one molecule of acetyl-CoA results in the reduction of three
molecules of NAD and one of FAD. These reducing equivalents flow down a chain of
carriers through a series of oxidation-reduction events. The released energy “charges” the
inner mitochondrial membrane, converting the mitochondrion into a veritable biological
battery. This oxidation process is coupled to ATP synthesis from ADP and inorganic
phosphate (Pi1), catalyzed by mitochondrial ATPase.

Several genes involved in these pivotal metabolic processes showed downregulated
mRNA levels in HEK293ADAlex3 cells. Among them we found genes codifying for
mitochondrial proteins, such as ACLY (ATP citrate synthase) or ACADVL (Very long-
chain specific acyl-CoA dehydrogenase, mitochondrial), both involved in acetyl-CoA
methabolism (Isackson et al., 2013); genes codifying for cytosolic proteins involved in
glycolysis or glycogen degradation, such as PYGB (Glycogen phosphorylase, brain form)
or PKM?2 (Pyruvate kinase muscle isozyme); SDHC (Succinate dehydrogenase complex
subunit C) encoding one of four nuclear-encoded subunits that comprise succinate
dehydrogenase, also known as mitochondrial complex II, key enzyme complex of the
tricarboxylic acid cycle and aerobic respiratory chains of mitochondria (Ishii, 2007);
OPRT (Quinolinate phosphoribosyltransferase) encoding a key enzyme in catabolism of
quinolinate, (an intermediate in the tryptophan-nicotinamide adenine dinucleotide
pathway), acting as a most potent endogenous exitotoxin to neurons, (elevation of
quinolinate levels in the brain has been linked to the pathogenesis of neurodegenerative
disorders such as epilepsy, Alzheimer's disease, and Huntington's disease) (Kincses et al.,

2010).

157



As Alex3 overexpression causes strong alteration in mitochondrial distribution and
dynamics is not surprising that it could affect bioenergetics processes, as described for
many proteins involved in mitochondrial dynamics regulation, through a direct
mechanism or by modulating the transcriptional activity resulting from some signaling
cascade (Duarte et al., 2012; John et al., 2005; Park et al., 2010; Santel and Fuller, 2001).
Surprisingly, data obtained in our lab suggested that Alex3 protein is not involved in
mitochondrial respiration, DNA copy number determination, mitochondrial membrane
potential regulation, or Ca>" homoeostasis and handling in mitochondria (Lopez-
Domenech et al., 2012).

As Alex3 overexpression was found to reduce proliferation in both HEK293AD cells
line and in vivo in chicken spinal cord, the more interesting data obtained by microarray
analysis, certain concerns genes involved in cell cycle regulation.

Alteration in mRNA levels were observed for two genes involved in S-phase entrance:
YWHAE (Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein,
epsilon polypeptide) and MCM?2 (minichromosome maintenance complex component 2),
both downregulated in HEK293 ADAIlex3GFP, consistently with the inhibitory activity of
Alex3 on cell cycle.

YHWAE belongs to the 14-3-3 family of proteins which mediate signal transduction by
binding to phosphoserine-containing proteins and which were first identified as abundant
brain proteins. Depending on their interaction with specific protein effectors, 14-3-3
proteins participate in many vital regulatory processes, such as DNA replication, cell
cycle regulation, signal transduction pathways, exocytosis, cell adhesion and neuronal
plasticity (Aitken, 2006; Zannis-Hadjopoulos et al., 2008). 14-3-3 proteins are involved
in DNA replication of eukaryotes through binding to the cruciform DNA that forms
transiently at the replication origins at the onset of S phase. The involvement of 14-3-3
proteins in the regulation of initiation of DNA replication may be mediated by their
interaction with several initiator proteins. Recent proteomic studies suggest that 14-3-3
proteins are involved in DNA replication through their interaction with components of
the prereplication (pre-RC) complex, among them the replication factor C, the histones
HJ4 and H2B, and the minichromosome maintenance (MCM) proteins (Zannis-
Hadjopoulos et al., 2008).

MCM?2, codifies for a key component of the pre-replication complex in late

mitosis (Bell et al., 2002) and forms a complex with MCM4, 6, and 7, regulating the
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helicase activity of the complex (Zannis-Hadjopoulos et al., 2008). Several subunits of
the MCM hexameric complex are phosphorylated and it is thought that phosphorylation
activates the intrinsic MCM-DNA helicase activity, thus allowing formation of active
replication forks. Cdc7, Cdk2, and ataxia telangiectasia and Rad3-related kinases regulate
S-phase entry and S-phase progression and are known to phosphorylate
the MCM2 subunit (Masai and Arai, 2000; Montagnoli et al., 2008).

betal-tubulin was also found downregulated in HEK293ADAIex3GFP and this data
can be associated with the state of resting cells more that the state of dividing cell. In fact,
the total cellular tubulin content increases as the cells progress towards mitosis, and
whereas alpha-tubulin isotype and gamma-tubulin transcripts were found to be expressed
at constant levels throughout the cell cycle, some of the beta-tubulin isotypes transcripts
were found to be more highly expressed in dividing then in resting cells (Dumontet et al.,
1996).

As the interphase array of microtubules, focused on the centrosome, is necessary for a
variety of important cellular processes, its integrity could be necessary for the cell to
progress through GI1. In this regard, many studies contain data regarding the impact of
microtubule cytoskeleton alteration on G1 progression for a variety of mammalian cell
lines (Uetake and Sluder, 2007). Almost all report that alterations of the microtubule
cytoskeleton lead to a Gl arrest in a variable and often high proportion of the cell
populations, particularly for cell lines expected to have an intact p53 pathway (Uetake
and Sluder, 2007). Then, a betal-tubulin downregulation can be easily associated to a cell
cycle negative regulation.

Moreover, the downregulation of betal-tubulin in HEK293ADAIlex3GFP allows
speculating a link between Alex3 overexpression and alteration of mitochondrial
trafficking, independently of its function in KHC/Miro/Trak2 complex, at least in
pathological conditions. As microtubules are fundamental to the morphology of neurons,
defects in tubulin genes are likely to cause neuronal diseases (Jaglin and Chelly, 2009;
Poirier et al., 2010; Tischfield et al., 2010) or induce very severe neurological symptoms,
such as peripheral neuropathy and loss of axons in many kinds of brain neurons
(Tischfield et al., 2010). Recent analysis of b-tubulin mutants showed that the
punctiform mutation E410K and D417H, found in patients suffering of wvarious
neurological symptoms (such as loss of axons in the central nervous system, fibrosis of

extraocular muscles and peripheral neuropathy), affect the microtubule binding of axonal-
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transport KIFs. In addition, these mutations disrupt axonal transport of vesicles and
mitochondria in cells derived from the central and peripheral nervous systems. Moreover,
in vivo knockdown of KIF1Bb obtained by in utero electroporation of microRNA in E14
brains, induced axonal defects in the brain, similarly to phenotypes associated to E410K
and D417H electroporated brains (Niwa et al., 2013). Nevertheless, in physiological
conditions, regulation of mitochondrial transport has never been linked to regulation of
beta-tubulin levels. Not surprisingly, microtubule-based transport id known to be
regulated through microtubule-associated proteins, such as tau and MAP1b that in turn,
alter their binding to microtubules and their microtubule stabilizing ability (Sang et al.,
2001; Scales et al., 2009).

Other genes belonging to Cell Cycle pathway were found downregulated in
HEK293ADAIlex3GFP: SMC4, (structural maintenance of chromosomes 4) and SPC24,
(spindle pole body component 24 homolog). SMC4 is a central component of the
condensin complex, required for conversion of interphase chromatin into mitotic-like
condense chromosomes (Bharadwaj et al., 2004); SPC24 is an essential component for
kinetochore targeting of the NDC80 complex, the key microtubule-binding element of the
kinetochore, directly interacting with microtubules and required for the organization of
stable microtubule binding sites in the outer plate of the kinetochore during chromosome
segregation and spindle checkpoint activity (Foley and Kapoor, 2013).

The majority of alterations in mRNA levels detected by microarray analysis were
found for downregulated genes and just 3 genes were found upregulated in in
HEK293ADAIlex3GFP. Among them, we point out on CyclinD1, a key protein that
promote proliferation in G1 phase of cell cycle, linking extracellular mitogenic signals to
the core cell cycle machinery (Lobjois et al., 2004; Sherr et al., 2005).

At first glance this data seems quite contradictory with our results concerning Alex3
function in regulation of proliferation in HEK293AD cells, or in
proliferation/differentiation balance in chicken spinal cord. Moreover, Wnt/B-catenin
pathway is known to control the growth of dorsal region of the closing neural tube, in part
through transcriptional regulation of CyclinsD1 and D2 (Megason and McMahon, 2002),
so the inhibition of TCF/LEF transcriptional activity observed in Alex3 overexpressing
cells shouldn’t result in an increase of CyclinD1 transcript.

Nevertheless recent studies have proposed that several Cyclins can modulate progenitors

fate in a manner independent from their function in cell cycle progression. Interestingly,
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forced expression of either CyclinD1 or CyclinD2 in the chick spinal cord was observed
to be qualitatively compatible with terminal motoneuron differentiation (Chiang et al.,
1996). Moreover, Cyclin D1 was recently described promote neurogenesis in the
embryonic murine spinal cord in a cell-cycle-indipendent manner (Lukaszewicz and
Anderson, 2011).

However, the exact mechanism by which CyclinD1 can lose its function as cell-cycle
promoting factor and acquire pro-neurogenesis features remains to be unraveled. Given
that increasing biochemical and molecular evidence indicate that CyclinD1 can regulate
transcription (Bienvenu et al., 2010; Fu et al., 2004; Ratineau et al., 2002), it is attractive
to think that a transcriptional function underlies its neurogenic influence. Moreover is
intriguing to speculate that Alex3 could be a factor contributing to confer to CyclinDI a
pro-neurogenic activity.

Taken together these data indicate that Alex3 overexpression causes changes in global
gene expression that involved key processes of cellular physiology, such as metabolic
processes or cell cycle progression. However we are still far to identify the cellular and
molecular mechanism by which Alex3 (and the whole Armcx/Armc10 cluster gene) act in
these processes. To achieve this goal it is essential to clarify Armex/Armc10 function in

nervous system development.
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CONCLUSIONS






1. - Armcex/Armcl0 genes are highly expressed in the developing neural tissues.

2. - Alex3 and Armc10 exhibit bimodal localization in mitochondria and cell nucleus.

3. - Both Alex3 and Armc10 interact with Mitofusinl and Mitofusin2 and at least
Alex3 overexpression or silencing doesn’t affect mitochondrial fusion-fusion

balance.

4. - As yet shown for Alex3 protein, Armc10 also causes perinuclear aggregation

and/or tethering of mitochondria.

5. - Alex3 and Armc10 overexpression or silencing in hippocampal neurons affects

mitochondrial distribution and trafficking.

6. - Alex3 and Armc10 interact with Kinesina/Miro/Trak2 complex, which controls
mitochondrial dynamics in neurons. At least Alex3 fulfills this function in a Ca'-
dependent manner, given that the interaction of Alex3 with Miro/Trak2 proteins

. + .
requires low Ca’" concentrations.

7. - Alex3 is as an inhibitor of canonical Wnt/B-catenin pathway in chicken spinal

cord.

8. - Alex3 is involved in both negative cell cycle regulation and induction of
differentiation in neural precursors, while Armc10 is only involved in negative cell
cycle regulation. This data suggests that Alex3 may have acquired additional

function respect to Armc10, phylogenetic ancestor of the whole Armex gene cluster.
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