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ACh
AChR
AD
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ATP
BAX
Bcl-2
BDNF
bp
ce”
cDNA
CDNB
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CMT
CMT1
CMT2
CMTI
CMTX
CNS
CO;
CoA
Complex |
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DeSyn
DI CMT
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DRG
DRP1
DSS
EGR2
ER
ETC
FaSyn
FIS1

GD3 synthase
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GDAPI1L1
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GSH

GST
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HMN

Acetylcholine

Acetylcholine receptors
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Adenine nucleotide translocator (ADP/ATP tricstor)
Autosomal recessive

Adenosine triphosphate

BCL2-associated X protein

B-cell CLL/lymphoma 2

Brain-derived neurotrophic factor
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1-chloro-2,4-dinitrobenzene

Congenital hypomyelination neuropathy
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Ganglioside-induced differentiation-assoagteotein-1
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Glutathione S-transferase
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Hereditary motor neuropathies
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Introduccién

La enfermedad de Charcot-Marie-Tooth (CMT) es uadad trastornos neuroldgicos
hereditarios mas comunes que afecta a 17-40 de t@6#€00 personas segun
poblaciones; concretamente esta cifra se sitla8pe2sonas de cada 100.000 en
Espafa. La enfermedad recibe el nombre de losnéekcos que la identificaron por
primera vez en 1886; Jean-Marie Charcot y PierreéMen Paris, Francia y Howard
Henry Tooth en Cambridge, Inglaterra. La enfermedadCMT, también conocida
como neuropatia hereditaria motora y sensitivarafiatmuscular del peroneo, abarca
un grupo de trastornos que afectan los nervio$gpeos.

El fenotipo clasico incluye problemas en la maraiéficit sensorial distal y atrofia
distal inferior dando un aspecto de "jambes de oohbtella de champagne invertida.
Otras caracteristicas completan el deterioro dedpatlistal tipico de CMT. Por
ejemplo, disminucion o ausencia de reflejos y dogud debido a la pérdida
propioceptiva y deformidades esqueléticas como Gawsis" y dedos en martillo. La
escoliosis moderada puede formar parte de estdgigendinico. La severidad de la
neuropatia puede evaluarse por un marcador deuepetia de CMT, un examen
clinico de nueve items que mide sintomas senseyisiletomas motores, velocidades de
conduccion nerviosa y fuerza en brazos y piernas.

De hecho, clinicamente, la examinacion electrdbgica es el primer paso importante
de la division de CMT en subtipos. Los estudiosaieduccion nerviosa permiten una
clasificacion preliminar en formas desmielinizantegxonales o intermedias. En la
mayoria de los casos, la velocidad de conduccidogdeervios motores (MNCV) y las
amplitudes del potencial de accién compuesto dekcla (CMAP) en las extremidades
superiores son necesarias ya que los nervios d&tlamidades inferiores a menudo
muestran ausencia de respuesta. Se diagno€iMd@l o desmielinizantesi esta
velocidad de conduccién motora es menor de 38 Bi/®sta velocidad motora es
normal (mayor de 45 m/s), se observa disminuciénlademplitud de CMAP vy
disminucién del potencial de accién del nervio gams(SNAP), se diagnostic@MT2

o axonal CMT Intermedia(CMTI) se diagnostica si MNCV entra en el rango2&e—
45 m/s.

Otra clasificacion, segun el tipo de herencia, témhbes posible. La variante de
disfuncion de la mielina -CMT1- y la variante axorR@MT2- presentan herencia
autosémico dominante (AD), mientras que CMTX eslesorden ligado al cromosoma
X. En cambio, variantes con herencia autosomicasiea (AR CMT) se clasifican
como CMT4 si tienen caracteristicas desmielinizagt€MT2B o CMT2 AR si tienen
resultados axonales (Tazir et al. 2014).

Hasta la fecha, 80 genes causantes de CMT hand&dbficados (Timmerman et al.
2014). Algunos de ellos son causantes de divergagpss de CMT. Ya en el afio 2002
dos grupos asociaron un mismo g&bAP1(MIM# 606598)- a dos subtipos de CMT,
desmielinizante autosémica recesiva (Baxter e2@)2) y axonal autosémica recesiva
(Cuesta et al. 2002).

En la actualidad se sabe q@®AP1 (Ganglioside-induced Differentiation Associated
Protein 1) causa tanto CMT4A (MIM# 214400) desmighnte autosémica recesiva,
AR-CMT2K (MIM# 607706) axonal autosomica recesi@MT2K (MIM# 607831)
axonal autosémica dominante, como CMTRIA (MIM# 608Bintermedia autosémica
recesiva (www.omim.org). Es importante remarcar goeel area Mediterrdnea gran
parte de los casos de CMT son debidos a mutacem@®AP1(Sivera et al. 2013).
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GDAP1se habia identificado con anterioridad como unéodel0 cDNAs expresados
en una linea celular de neuroblastoma raton ditgmda (Neuro2), en la que la
diferenciacion colinérgica habia sido inducida pansfeccién de GD3 sintasa (a2,8-
sialiltransferasa). Este gen, con una longitud 8@ZB pares de bases (pb), contiene
seis exones y cinco intrones. Dos variantes trgtonales han sido descritas, siendo
la isoforma "a" la mas larga, con 358 aminoacid@s.isoforma "b" es exactamente
igual que la "a" pero tiene 68 aminoacidos menoka grarte N-terminal, resultando en
una proteina de 290 aminoacidos (Cassereau dildl).2

GDAPL1 pertenece a la familia de enzimas glutatiéinaBsferasas, presentando dos
dominios de unién para GSH (de los aminoacidos 12618 y del 210 al 287). La
proteina presenta también dos héliegs y a5- (entre los aminoacidos 152-164 y 169-
195), un Unico dominio transmembrana (TMD) en dfeaxro de la C-terminal y un
dominio hidréfobo (HD) (Marco et al. 2004). A la sma familia pertenece su gen
paralogoGDAP1L1(Marco et al. 2004), del que poco se ha estudiado.

Estudios de expresidn han detectado su mensajedompinantemente en sistema
nervioso (Cuesta et al. 2002; Pedrola et al. 2QGbproteina ha sido detectada tanto en
neuronas sensitivas y motoneuronas (Pedrola 20@8), como en células de Schwann
(Pedrola et al. 2005; Niemann et al. 2005). A noadllar, se localiza en la membrana
mitocondrial externgPedrola et al. 2005; Niemann et al. 2005).

La funcion de GDAP1 ha sido profundamente estudedenodelos celulares. Aunque
no se ha conseguido detectar actividad glutatiGrarissferasa (Pedrola et al. 2005),
algunos autores relacionan esta proteina con rélsestidativo (Noack et al. 2012). Lo
qgue si ha sido ampliamente demostrado es el rdBMAP1 como regulador de la
dinamica mitocondrial; actuando como factor dedfismitocondrial independiente de
FIS1 y DRP1 (Niemann et al. 2005; Niemann et al. 2009). Otmosores también
relacionan &GDAP1con el movimiento mitocondrial (Pla-Martin et 2013). Ademas,
también ha sido relacionado con la fision de loopsomas (Huber et al. 2013) y la
homeostasis del calcio (Pla-Martin et al. 2013).

Hipotesis v objetivos

Basandonos en estudios previos hechos en cukivbac y en la patofisiologia de los

pacientes de CMT, nuestra hipétesis es GIBAPL estad implicado en el transporte
mitocondrial y en el posicionamiento de dicho orgé dentro de las neuronas y sus
axones. Asi, la patologia de la enfermedad se ddaalisfuncion en el transporte y/o

localizacion de las mitocondrias, lo cual puedarestlacionado con la longitud del

nervio.

Asi, el objetivo principal de esta tesis es ingsstia funcion d&sDAP1y comprender

su implicaciéon en la enfermedad de CMT. Paraledimos generado un ratdén nulo para
el ortélogo murino deGDAP1 como herramienta para investigar como la falta de
funcion del gen causa la neuropatia. Avances entesa pueden llegar a prevenir o

reparar la axonopatia.

Como primer punto de la tesis, es necesario caizatenuestro modelo de raton y
asegurarnos que es adecuado como modelo de CMT.véinaste objetivo se ha
conseguido, ya podremos utilizarlo como herramigat@ entender en profundidad en
proceso patogénico.
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Resultados y Discusion

El ratén nulo par&dapl(GdapI”) se generé suprimiendo el exén 1 @elaplmurino
mediante el sistema de recombinaciéon Cre/loxP (@&yQ Lyon, Francia; véase
Materiales y Métodos para mas detalles). Los rat@uapl™ se obtuvieron mediante
cruces entre heterocigotoSdap1’). Los tres genotipos obtenidos en la descendencia
cumplian las proporciones mendelianas y no se wnger diferencias en longevidad o
fertilidad entre ellos. Los genotipos se comprobaab tatuar los ratones, mediante
biopsias de la cola que fueron utilizadas para naiteéADN gendmico. Mediante
diversas estrategias de PCR, y usando como mold®Hll gendmico; se detecto la
delecién del exén 1 en homocigosis en los rat@d@mspl” y en heterocigosis en los
Gdapl*". Los ratonessdapI’ no presentaban alteracién alguna en su genoma.

La ausencia de expresion en los ratdBdapl”™ se comprobé mediante la deteccién de
la proteina endégena en los control@ddp1’) y la carencia en l106dapl™. La falta

de Gdaplse comprobd también a nivel de mensajero, conatioge que la delecién
del primero de los seis exones @daples suficiente para abolir su expresion en el
modelo de ratén. Ademas, comprobamos la expresdsudgen paralog&;DAP1LL,
(Marco et al. 2004); detectando el mensajero eansahte en sistema nervioso central
(SNC). Este hecho contrasta con la hipotesis deGdp#eP 1L 1pueda asumir la funcién
deGDAP1cuando este ultimo estd mutado o delecionado (Aheret al. 2014).
Aprovechando el hecho de tener un anticuerpo pardeteccion de GDAP1, nos
planteamos estudiar su expresion en todos loo#efidl raton. La proteina GDAP1 fue
detectada solo en tejido nervioso, corroborandsgdoa datos previos (Pedrola et al.
2005; Pedrola et al. 2008).

La ausencia d&daplen el raton provoco defectos en el caminar, coneposicion
anormalmente baja del cuerpo, y una pérdida dejosflal ser sostenidos por la cola.
Ademas, a partir de los 6 meses algunos ratonssmsaban deformidades en las patas
similares alpes cavusEsto concuerda con el fenotipo clasico de losepées de CMT:
andar equino y las deformidades en los pies coascmbmopes planuso cavus
(Brennan et al. 2015). Estos defectos no se olgrvan el modelo murino de
Niemann et al. 2014.

Datos mas cuantitativos obtenidos mediante rotatesti revelaron defectos en la
actividad motora debidos a la pérdida @dapla partir de los 3 meses. Ademas,
mediante el estudio de la pisada, se determindagueatones deficientes presentaban
defectos en el posicionamiento de los dedos y éorfaa de apoyar en pie, lo que les
obliga a dar pasos mas cortos. Estas alteraciomda pisada concuerdan con mal
funcionamiento de los pequefios musculos del pievades por el nervio ciatico y la
paralisis de los musculos flexores del tobillo (Widter et al. 1990). A diferencia de
los pacientes (Brennan et al. 2015), no se pudectigtpérdida de masa muscular en los
musculos de la pierna.

La falta de Gdapl en el ratdbn también provocaba defectos en las nasio
neuromusculares (NMJ); encontrando desconexiore egitraxén motor y la fibra
muscular a los 12 meses de edad. No se observipita tfragmentacion de la
degeneracion Wallerian (Coleman & Freeman 2010);esnbargo si se detectaron
anomalias en la parte mas distal del axon tiposlazengrosamientos. Este tipo de
estructuras se han relacionado con axones ennétrdo (Bishop et al. 2004). Defectos
en estas sinapsis producen debilidad o paralisssutar (Tintignac et al. 2015).

Para finalizar la caracterizaciéon del modelo, seeokd también dafio en la médula
espinal de ratone8dapI”. Produciéndose una pérdida progresiva de motonasirem

el asta ventral. Por el contrario, no se observattaraciones en los ganglios de la raiz
dorsal, al menos a nivel histologico.
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GDAPXCMT se ha relacionado con CMT tanto axonal comendelinizante, por ello
también se estudio la Velocidad de Conduccion NMeavi(MNCV), rasgo diferencial
entre ambos tipos de CMT. A los 5 meses de edabsavo un moderado descenso en
la MNCV de los ratone&dapI” en comparacién con los controles; hecho que tambié
ocurre en las neuropatias axonales (Sevilla et28D3). En las neuropatias
desmielinizantes las reducciones son mayores (Teizial. 2014). Estudiando el
Potencial de Acciéon Muscular Compuesto (CMAP), temlobservamos reduccién de
en area y en la amplitud; lo que puede reflejadidarde motoneuronas o un desorden
de las uniones neuromusculares (Murray et al. 2014)

Otra forma de clasificar CMT en axonal o desmiehnite es realizando una biopsia de
algun nervio periférico, normalmente del sural (et al. 2003). En nuestro modelo
de ratdn, nosotros optamos por el nervio ciatiteseaeste el mas largo (Krinke et al.
2014). Los ratone§dapI” presentaban una menor densidad de fibras nerdolsss5
meses de manera similar a los pacientes (Sevild. &003). Por el contrario no se
encontré alteracion alguna en el g-ratio o presersé los bulbos de cebolla
caracteristicos de los tipos desmielinizantes.

Una vez caracterizado el modelo, nuestro objetimceatender mejor la patofisiologia a
nivel celular de la enfermedad. Para ello hicimss del cultivo de neuronas sensitivas
del ganglio dorsal (DRG) de ratones adultos (Val8éschez et al. 2010). Los cultivos
de DRG ratone&dapI” eran capaces de crecer; sin embargo, presentenoonas con
somas mas pequefos y neuritas mas cortas en canjpacan los controles. Ademas,
se detectaron problemas en las modificaciones tpadhiccionales que sufre el
citoesqueleto de microtubulos en ratones de 5 mé&danenor nivel de acetilacion y
mayor nivel de tirosinacion encontrados, se comedpn con una desestabilizacion de
los microtubulos; pudiendo desencadenar problenmagehdel trasporte de vesiculas y
mitocondrias (Zala et al. 2013).

Ademas del estudio de muestras fijadas de neuremasultivo de DRG de ratones
adultos, se estudiaron las mitocondrias en movitmiemediante la microinyeccion de
cultivos postnatales. La microinyeccion nos peigrsgguir las mitocondrias dentro una
neurita desde su zona mas proximal hasta la més (&lley et al. 2011). Estudios en
cultivos de DRG revelaron defectos en el movimigetoogrado (de la zona distal a la
proximal) de las mitocondrias. Concretamente sed una tendencia al aumento del
namero de mitocondrias en movimiento y un aumerdgosd tamafio. Estos datos
contrastaron con lo encontrado en cultivo de ganggrvical superior (SCG), tejido no
afectado en pacientes de CMT, donde se detectaasmitocondrias mas lentas y con
tendencia a mas cortas; siendo las estaticas éaauquentaban su tamario.

El estudio se completé con el rescate de la nesrontas pardsdapl En DRG se
observé un descenso del nimero de mitocondriaem@ids retrégrado asi como un
descenso de la velocidad en sentido anterégraddaleda expresion d&DAPL1 En
SCG solo se observo el descenso en el nUmero deandrias en sentido retrogrado.
Aprovechando esta técnica, se analizo el efectaslenutaciones més frecuentes de
GDAP1len los cultivos de DRG. Mutaciones dominantesusrdn capaces de alterar
los parametros estudiados en neuronas controker8bargo, mutaciones dominantes y
recesivas, alteraron dichos parametros en neurGaapl”, siendo el efecto de la
mutaciones en posicion 157 y 161 mas agresivo tjde é&s albergadas en posicion
120. Esta relacién con el sitio mutado en vez deetdipo de herencia contrasta con la
patologia en pacientes donde las formas recesiwdSDIAPLCMT suelen ser mas
agresivas (Sevilla et al. 2008).
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Para finalizar, se estudiaron también estos parédmde movilidad mitocondrial en el

nervio ciatico del raton gracias al uso de expknie ratones que poseian sus
mitocondrias marcadas. Ratones nulos padapl de 1 mes de edad presentaron
defectos en velocidad y tamafio de sus mitocondii@@mpararlos con los controles.

Concretamente, se observo un descenso en la \edioeisterograda (del soma en la
médula al terminal nervioso en el musculo) y un enim del tamafio de las

mitocondrias que se movian en sentido retrogradbtédminal nervioso en el musculo

al soma en la médula). Estos datos corroboran Yicakpmas en profundidad las

alteraciones en el movimiento mitocondrial dessriten lineas de neuroblastoma
debidas a la interferencia de GDAP1 (Pla-Martin201

Si repasamos todos los defectos producidos paltia le GDAP1 en el movimiento
mitocondrial y en el crecimiento de las neuronas,droteinas MIRO/MILTON vienen
a nuestra mente. MIRO es una GTPasa pequeiia asacladnitocondria que regula el
transporte de mitocondrias y la organizaciéon enpiadongaciones celulares (Tang
2015). De hecho, el ratén nulo pai&rol exhibe reduccién en la velocidad retrégrada
(Nguyen et al. 2014). De manera similar a MIRO, GT0Aambién tiene proteinas a las
que se une (Pla-Martin 2012) que pueden explicar detalle las alteraciones
observadas en el raton nulo.

La hipotesis es que GDAP1 interacciona con lossprartadores SUMO4 e EIF2B5,
entre otros. La pérdida d&DAP1 afecta a diversos procesos en los que estos
transportadores estan implicados. La ausencia déR@hace que, de alguna manera
SUMO no pueda activar DRP1 (Ong et al. 2015). Caronsecuencia la fision se
bloquea produciendo mitocondrias elongadas.

Ademas, como GDAP1 no puede unirse a EIF2B5, EIlB2 puede tener la
conformacion apropiada y no puede bloquear-@&cimediante CHOP (lurlaro &
Mufioz Pinedo 2015). BelL bloquea DRP1 (Saez-Atienzar et al. 2016) y @om
consecuencia la fision se bloquea de nuevo. Bdbribién bloquea la acetilacion de la
tubulina (Saez-Atienzar et al. 2016) y, como consacia, el movimiento mitocondrial
se ve afectado.

Finalmente, como GDAP1 también interacciona cont&ya, el raton nulo para
Gdaplpresenta una velocidad anterograda mas lenta.

Como consecuencia de la menor velocidad anterégi@axones distales se denervan
a nivel de las NMJs. Mitocondrias mas lentas tamipi@vocan la posicion incorrecta
de las mitocondrias en relacion con el reticuloophasmatico, asi como estrés de
reticulo.
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Conclusiones
1°: Gdaplmurino se expresa en el sistema nervioso centeal gl periférico. Tejidos
no neuronales no expresan GDAP1.

2°. Otros miembros de la famil@dapl comoGdaplLl también se expresan en el
sistema nervioso central del raton.

3°: La eliminacion del primer exon dgdaples suficiente para generar un modelo de
raton para Charcot-Marie-Tooth (CMT) debido a muataes enGDAPL La pérdida de
expresion ubicua en el raton no afecta a su vidliy fertilidad. Como modelo, el
raton GdapI” presenta las principales caracteristicas de larmetlad: pie cavo,
déficits motores, velocidad de conduccién nerviggeramente reducida y alteraciones
en el potencial de accion compuesto.

4°: El uso de este modelo nos ha permitido detemngue CMT debido &DAP1les
una neuropatia de tipo axonal.

5°: El nervio ciatico, el cual tiene axones sewnsitiy motores, esta alterado en ratones
de 5 meses de edad. Se ha detectado pérdida detamdie fibras y un cambio en el
tamafio de las mismas. No se observaron signos eleszantes.

6° En el muasculo, la pérdida d&dapl produce denervacién. Las placas
neuromusculares no se encuentran totalmente ocapandos terminales nerviosos a
los 12 meses de edad. Ademas, detectamos estaiatuvemales en dichos terminales.
Las uniones neuromusculares de ratones de 5 mesesdad, son indistinguibles entre
controles y animales nulos pdgaapl

7°:. En la parte ventral de la médula espinal, laigé deGdaplproduce una pérdida
progresiva de neuronas sanas. Sefales de dafiddeadetectadas en lisados de la
médula espinal completa.

8°: En los ganglios de la raiz dorsal (DRG), laeags&a de GDAP1 parece no alterar las
neuronas sensitivas al menos a nivel histolégistenas 12 meses de edad.

9°. Cultivos de DRG de animales adultos se ven cometidos por la pérdida de
GDAPl1. Se han observado somas mas pequefios y aseuntas cortas.
Desestabilizacion del citoesqueleto de microtubplesde explicar estos defectos.

10° La pérdida de GDAP1 afecta principalmente randporte y la dinamica

mitocondrial. Tejidos afectados en CMT de los raegfdapl”, como DRG en cultivo

y nervio ciatico, presentaron mitocondrias en maento retrogrado mas largas.
Ademas, la velocidad anterégrada estaba reducajalo no afectados en CMT, como
ganglio superior cervical en cultivo, presentd mwiedrias mas cortas y lentas en
movimiento retrégrado.

11°: Mutaciones e@®DAP1presentes en pacientes de CMT produjeron efectessds
en neuronas sensitivas en cultivo. Esta variedaéfeletos concuerda con al amplio
rango de fenotipos presentado en los pacientes.
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Material y Métodos

Para llevar a cabo todo este estudio profundoaté@hmulo par&daplse han utilizado
técnicas frecuentemente realizadas en laboratdeagenética molecular. Otras son de
uso rutinario en ambitos donde se trabaja con inraomo animal modelo. Sin
embargo también se han puesto a punto algunascaécmovedosas en nuestro
laboratorio como el estudio de las uniones neurcolages (NMJ).

Para ello elegimos el Gastrocnemius (en la patitgréiomo musculo de estudio por
presentar unas sinapsis retrasadas (DeSyn, Delayedpsis), cuyo mantenimiento
depende exclusivamente de los factores provenieelaservio (Pun et al. 2002), y por
ser un musculo grande de facil acceso (Murray. &Cdl4). La técnica de marcaje de las
NMJ consistio en diseccionar el musculo y fijartoparaformaldehido. Posteriormente
se marcé la parte muscular de la NMJ, el receptotadAcetilcolina (AChR) con
bungarotoxina conjugada con rodamina. Para maacpaite del terminal nervioso se
realiz6 una inmunohistoquimica normal con un aefipa primario frente a la Beta
Tubulina 11l y un secundario conjugado con Alex&4Bna vez realizado el marcaje,
se procedid a cortar el muasculo longitudinalmenégapsu posterior montaje en
portaobjetos. Fue necesario el uso de un microgcopnfocal potente para poder
obtener imagenes confocales de series contiguas (eada 0.5uM). Con todas esas
imagenes confocales ser realiz6 una reconstru@m8D con la que estudiar si las
NMJ estaban correctamente inervadas. Una NMJ selibné como completamente
ocupada si habia evidencia de una continuidad ehtsgminal nervioso (Beta tubulina
[ll) y la placa neuromuscular (AChR) (Wong et €09).

Otra técnica interesante fue el uso de microingems para marcar mitocondrias
selectivamente en un subconjunto de neuritas denas! sensitivas en cultivo (Gilley
& Coleman 2010). Microinyectando un marcador mita@al (Milde et al. 2013) en
50-60 neuronas de un total de 5000-6000 en culégorelativamente facil capturar
videos de su movimiento en la parte mas distaldensuritas. Para su posterior analisis
existe también un software (Andrews et al. 201@ wnos facilita el seguimiento de las
particulas en movimiento, en nuestro caso mitodasdicalculando su velocidad y
tamafio entre otros pardmetros.

Finalmente, mas que una técnica, fuimos capacepr&echarnos de la gran variedad
de ratones genéticamente modificados existenteehajia en el mercado. Cruzamos
nuestros ratones nulos pafadapl con otros que presentaban sus mitocondrias
marcadas (http://jaxmice.jax.org/strain/018397.lhtrh& descendencia de estos cruces
presentaba el alelo mutado p&daply las mitocondrias marcadas. La obtencién de
estos ratones hizo posible estudiar la mitocondgmasnovimiento en el mismo nervio
ciatico de los animales; sin necesidad de disgrégacultivo y marcaje.



20 | GDAP1-related CMT mouse model




21

Introduction




22 | GDAP1-related CMT mouse model




Introduction | 23

1.- The disease of study: CMT

1.1.-History and clinical features of CMT

Hereditary peripheral neuropathies (HPN) includeetigary motor and sensory
neuropathies (HMSN), hereditary motor neuropath{E$/IN), hereditary sensory
neuropathies (HSN) and hereditary sensory and awmios neuropathies (HSAN).
Despite this heterogeneity, HPN are a group ofrdms that share characteristic
clinical phenotypes that manifest as a peripheearopathy with a chronic progressive
course. The most frequent entity, HMSN, also kndoyrthe eponym Charcot—Marie—
Tooth disease (CMT), is a heterogeneous groupsairders which can be classified on
the basis of their clinical, neurophysiological,ngéc and pathological features.
Charcot—Marie—Tooth disease is one of the most comadegenerative disorders of the
peripheral nervous system (Tazir et al. 2014). Ntawa, the prevalence of CMT
disease is 40 cases per 100000 population in thiedJStates, 28 per 100000 in Spain,
18 per 100000 in Italy and 11 per 100000 in Japadiaya 2014).

Historically, it was in 1886 when Professor JeanrtMaCharcot (1825-1893) and his
student Pierre Marie (1853-1940) published in P#nis first description of distal
muscle weakness and wasting beginning in the leghting it ‘peroneal muscular
atrophy’. At the same time in Cambridge, Howard iehooth (1856-1926) described
the same disease in his PhD dissertation, callegcbndition ‘peroneal progressive
muscular atrophy’. Tooth was the first to attribsignptoms correctly to neuropathy
rather than to myelopathy, as physicians previohatydone (Kedlaya 2014).

Currently, most cases of CMT are slowly progressiisarders that usually present in
the second decade, although earlier or later Iptesentations may occur depending on
the underlying genetic abnormalities. The classpt&notype includes steppage gait,
moderate distal sensory deficit, and distal loweryatrophy giving an aspect of
“jambes de coq” or an inverted champagne bottlaeOtharacteristical features such as
decreased or absent deep tendon reflexes in digtainetric pattern gait and balance
impairment, because of proprioceptive loss andesaebeformities that result in "pes
cavus" and hammertoes, complete the typical CMTnptype (igure 11). Moderate
scoliosis may be part of this clinical phenotypbeeverity of the neuropathy can be
evaluated by a CMT neuropathy score, a nine-itanical examination that measures
sensory symptoms, motor symptoms, arm and leg gitreand nerve conduction
velocities.

Figure 11. Common foot deformities in Charcot—Marie-Tooth disease and related disorderqA)
Claw toes, (B) pes cavus and (C) hind foot varderdaties of the feet (Rossor et al. 2015).
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The electrophysiological examination is the firgshportant step in separating
myelinopathiegrom neuronopathies @xonopathiesNerve conduction studies allow a
preliminary subtype classification into demyelingti axonal or intermediate CMT
forms. In most cases, motor nerve conduction vBIdBINCV) and compound muscle
action potential (CMAP) amplitudes in the upperrentities are required since the
lower extremity nerves often demonstrate abseporeses. When the median MNCV is
<38 m/s, CMT1 demyelinatingform) is diagnosed, whereas if the median MNCV is
>45 m/s with the finding of decreased CMAP ampltudecreased or absent median
sensory nerve action potential (SNAP) and in gdradrsent sural and peroneal SNAPS,
CMT2 (axonal form) is diagnosed. Intermediate CMT (CMTI) is ghased if the
median MNCYV falls in the range of 25-45 m/s wittiie family. In addition to MNCVs
subtype classification is also based on the pat@rninheritance. The myelin
dysfunction variant of CMT, CMT1, and the axonakiaat, CMT2, are autosomal
dominant (AD) disorders, whereas CMTX is an X-lidkelisorder. In contrast,
autosomal recessive CMT variants (AR CMT) are digssas CMT4 if they have
demyelinating features and CMT2B or AR CMT2 if tHegve axonal findings (Tazir et
al. 2014).

Autosomal dominant CMT are the most frequent fooh€MT in most European and
North-American countries. AD CMT1 is the most commform, such that it accounts
for more than 80% of patients with CMT attendingiramerited neuropathy clinic. Most
patients with AD CMT1 have the classical CMT phepet Neuropathological features
include a significant reduction of myelinated axcasd “onion bulbs” which are
composed of several layers of basal lamina, coiveedissue and Schwann cells
(hypertrophic neuropathy) around thinly myelinatedns. Most of AD CMT1 patients
have a mild to moderate disability although som¢hefn have a marked handicap and
end up in wheelchairs. Autosomal dominant axonalfTGRMT?2) is relatively frequent
as it may represent about a third of all AD CMTesasMost CMT2 patients have a
classical CMT phenotype but with a wider range gd af onset. Moreover, sural nerve
biopsy findings demonstrate axonal loss often vatleluster of regeneration(axonal
sprouting), without pathological evidence of prigmademyelination. Autosomal
dominant intermediate CMT (DI CMT) is characterizgda classic, mild to moderately
severe CMT phenotype, and median MNCVs overlapfhoge observed in CMT1 and
CMT2, with a range from 25 to 50 m/s.

Autosomal recessive CMT disorders were once cormiddéo be extremely rare.
However, clinical and molecular investigations d¥IT families with AR inheritance,
originating from countries around the Mediterranéasin, in the Middle-East and in
Europe are increasing. Most autosomal recessive CA4€s are characterized by earlier
onset and more rapid clinical progression that ltesin more marked distal limb
deformities such as pes equino-varus, claw-likedeamnd sometimes major spinal
deformities. Nerve biopsy studies in AR CMT1 dentoate prominent demyelinating
lesions responsible for marked secondary axona kEesng with subtype-specific
myelin abnormalities, whereas in AR CMT2 myelinafddies are severely reduced in
number without evidence of demyelination and remggion or of active axonal
regeneration. Otherwise, severe to late onset anmalsrecessive intermediate CMT
diseases have also been reported.
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X-linked CMT should be suspected when male-to-ntad@smission is absent on
pedigrees and when males are more impaired tharalésmFour dominant and
recessive X-linked CMT subtypes have been desctibedte (Tazir et al. 2014).

1.2.- Genes and molecular basis in CMT

The first CMT locus was mapped in 1982, and 30ye&genetic research has not only
allowed the successful identification of 80 diseeaesing genesi(ure 12), but also
pioneered the discovery of novel genomic mechanidmsi and genes for CMT and
related peripheral neuropathies were initially iifead using genetic linkage studies,
positional cloning, or candidate gene approachaar(ierman et al. 2014).
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Figure 12. Genes and loci for Charcot-Marie-Tooth CMT) and related inherited peripheral

neuropathies. The figure shows 80 currently known genes (orangebsls) and their corresponding
chromosomal loci (vertical bars). The correspondihgnotypes are indicated by blue symbols and are
according to the disease nomenclature. Note thatdibease names may not always correspond to
information available in OMIM, GeneReviews, or ither publicly available databases. (Timmerman et
al. 2014)

At the present time, mutations or rearrangemenBBMiP22 GJB1 MPZ andMFN2 in

the order of decreasing frequency account for aB6&t of the molecular diagnoses in
western populations (Sivera et al. 2013), whileatiahs in all other genes tested seem
rare. Otherwise, most of the known CMT genes aietlgtimplicated either in axonal
CMT or in demyelinating form, while some likeDAP1 NEFL and MPZ may be
mutated in both forms. Some patients with Dejer8wtas syndrome (DSS) or
congenital hypomyelination neuropathy (CHN) phepet/may also share mutations in
dominant or recessive genes suchvi®zZ, PMP22 EGR2 GDAP1 MTMR2 or PRX
Moreover, gene mutations are mainly of dominanerithnce and others are recessive,
while some of them such &GR2 PO, NEFL, MFN2, GDAP1 andHSPBl1lmutations
may be of both inheritance traits (Tazir et al. £01

(Extended table in the Appendix with CMT types, gg@amd phenotypéable Al)
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Genes encoding proteins expressed in Schwanna@lsneurons are linked to CMT,
proteins that are involved in a wide range of psses: myelin assembly,
cytoskeleton/axonal transport, protein aggregateEmjosomal sorting, mitochondrial
functions, MRNA processing/transcription, and itkrmnel transportiigure 13). When
these proteins are mutated, various cellular psesesre disrupted, thus resulting in
CMT (Jerath & Shy 2014).
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Figure 13. Known disease genes for CMT and relateddisorders, and their proposed
pathomechanism. The figure shows all known genes and their involeetiular function, either in
neuron or in Schwann cell (Rossor et al. 2015)

Through this variety of genes and molecular preegssie can conclude that CMT
disease pathophysiology of both the myelinopathg axonopathy forms is the
consequence of altered Schwann cell-axon commummgatbnormal intercellular
contact and signalling induce neurodegeneration awhal loss, which ultimately
produce muscular atrophy and weakness (Juarez @& Ral12).
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2.-The gene of studyGDAP1

2.1.- GDAP1-related CMT

Locus 8gl13-g21 was linked to autosomal recessiveT C(@MT4A) with slow
demyelinating presentation in four consanguineourisian families in 1993 by the
group of Dr Jeffery M. Vance. Several years latee same group identified the
candidate gene, encodinganglioside-induced differentiation-associated pmotl
(GDAPY]) (Baxter et al. 2002) and the group of Dr FrancBstau also found an
association of th&daplgene with axonal recessive CMT (AR-CMT2K) (Cuestal.
2002). This was the first time that same gene we®d with both demyelinating and
axonal CMT (able 7).

CMT Type Inheritance Clinical presentation Nerve/muscle pathology
CMT4A Severe phenotype: early onset and\xonal changes, secondary
RI-CMTA AR .rapld progression with proxmal myelin .gbno.rmalnles..
involvement, loss of ambulation; No specific mitochondrial
AR-CMT2K frequent vocal cord palsy abnormalities found.
Chronic axonal degeneration.
AD-CMT2K AD Variable onset, less severe courseMitochondrial abnormalities

reportec
Table 11. GDAP1 associated CMT types with clinicand neuropathologic phenotypesPart of table
3 (Genes involved in mitochondrial dynamics, assted CMT types with clinical and neuropathologic
phenotypes), here showing only GDAP1 associated QRé&feyson et al. 2015).

To date, 59 allelic variants has been already foum&DAP1 (LOVD v.2.0 Build
360©2004-2014 Leiden University Medical Center) (seee A2 at the Appendix for
details). 54 of these variants are pathogenic andthe gene with several types of
CMT.

It is important to note relevant changes in CMT egendistribution (able 1. A clear
example of this is the predominance@DAP1 over MFN2 in Spanish clinical series
(Sivera et al. 2013). Indeed, there is a high ch€MT patients in Mediterranean basin
that have mutations iI@DAP1in comparison with some other countries (Mangaetl!
al. 2014).

Frequency, % (number of patients)
Manganeli e] Sivera et al| Gess et al.| Murphy et al] Saporta et al.

al. n=197 n=404* n= 589t n=471% n=787
Country | Italy Spain Germany UK USA
Genes
PMP22 72.3 (107) 56.1 (186) 69.9 (237) 69.0 (205) 6343)
GJB1 9.5(14) 16.9 (56) 13.8 (47) 15.4 (46) 15.1 (80)
GDAP1 5.4 (8) 12.7 (42) 0 0.6 (2) 1.1 (6)
MPZ 4.7 (7) 5.7 (19) 6.1 (21) 4.3 (13) 8.5 (45)
SH3TC2 2.0 (3) 0.6 (2) 01.6 (5 0.6 (3)
MEN2 1.3 (2) 1.2 (4) 3.5(12) 4(12) 4 (21)

Table 12. Comparison of genetic distribution in seeral series of patients depending on country.
Percentages and numbers indicate the most commus ga series of Charcot-Marie-Tooth patients.
*Caucasian cases only (excluded Gypsy cases). effatiwith sufficient nerve conduction studies.
IPatients attending inherited neuropathy clinic;. #PMP22 duplication, deletion, and point mutations.
(Adapted from Manganelli et al. 2014).
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2.2..GDAP1

GDAP1 was previously identified as one of 10 cDNAs egpsezl in a differentiated
Neuro2a mouse neuroblastoma cell line, in whichliobaggic differentiation with
neurite sprouting was induced by transfection of3GYnthase (a2,8sialyltransferase)
cDNA.

This gene, with a length of 23,728 base pairs (bpitains six exons and five introns
(figure 14). Two transcript variants gdDAP1have been identified. Transcript variant 1,
representing the longer variant, encodes the lorsgéorm, designated as isoform "a"
(358 amino acids). Transcript variant 2, encodsgfarm "b", contains an alternative
in-frame exon, uses an alternative splice sitdvé3 coding region, and a downstream
start codon, compared to transcript variant 1.dsuof "b" (290 amino acids) has a
shorter N-terminal region compared to isoform '@agsereau et al. 2011).

ATG TAG AATAAA AATAAA
exon I.m ] Vv Vi

1 2 3 4 5
intron

Figure 14. Molecular analysis of GDAP1. Diagram showing exon—intron structure. Exons adécated

by black boxes; exon 6 coding sequence is in bdaxckthe noncoding sequence is in white (Cuesth et a
2002).

It was detected two GST domains analyzing the sngnstructuref{gurel5). Amino-
acid residues 26-119 showed fluiBappo topology of the glutathione (GSH) binding
site, and amino-acid residues 210-287 (Cuesta 20@PR). It has been also shown that
GDAPL1 has a single transmembrane domain (TMD) aetttremity of the C-terminal,
and a hydrophobic domain (HD) in the flanking Qataral region. Moreover, GDAP1
has two additional regions between amino acids 162-and 169-195 which are
predicted to represent two heliceg} and a5 (figure 16), creating thea4—o5 loop
(Marco et al. 2004).

0 6 119 152 195 210 287 292 309 319 340

lad oS loopl

. . H H ] hasli‘;-
- A . . residues 3
I._ - — I. | | S |
Exon 1 1 Exon 2 I FExon3 IExond4l Exon51 Exon 6 1
1] 39 104 161 194 232 358

Figure 15. Schematic representation of the GDAP1 mtein with predicted domains and the GDAP1
genomic organization with the corresponding exonsThe numbering above the GDAPL1 protein
indicates the amino acid positions of the strudtwlamains. The numbering below the genomic
organization corresponds to the amino acid bouadani each exon (Cassereau et al. 2011).

a4-ab5 loop

Figure 16. Predicted three-dimensional structure fo human
GDAP1 protein. The region presented as a backbone
corresponds to part of thea maysGST used to model GDAP1
structure. This region (alpha helices 4 and 5 aag lbetween
them) cannot be properly analysed for GDAP1 becafisack
of sequence similarity. The region shown in blackuld
correspond to the position of the GDAP1 a4-a5 loophe case
that helices 4 and 5 conserve the same structae ishin
canonical GSTs. N indicates N-terminal end. (C)idatks
approximate position of the C-terminal end. (Mareb al.
2004).
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GDAP1expression studies show that mRNA is expressednmost all the human and
mouse tissues analysed but is most abundant iroueriissues (Cuesta et al. 2002;
Pedrola et al. 2005). Protein studies show GDAPdression not just in dorsal root
ganglia (DRG) sensory neurons and motor neuromsa faterior horn of spinal cord,
whose axons are the site of pathology, but aldarge neurons in the brain (Pedrola et
al. 2008). Others authors also observed expressiomyelinating Schwann cells
(Niemann et al. 2005).

GDAP1 clearly appears to be localized in mitochadibased on subcellular
fractionation studies in human neuroblastoma os#l &nd overexpression experiments
in fibroblasts. It has been also demonstratedtthasmembrane domains are necessary
for the correct localization of GDAP1 to mitochoradf{Pedrola et al. 2005). Indeed,
loss of GDAP1 signal after proteinase incubatiod ammilar detection as porin after
detergent treatment, demonstrate that GDAP1 is aier omitochondrial integral
membrane protein whose GST domains are exposegtoplasm (Niemann et al.
2005).

It has been clearly demonstrated that GDAP1 issaidh-inducing factor. Mouse
neuroblastoma cell line experiments have revealed bverexpression of GDAP1
promotes mitochondrial fragmentation without indwicellular apoptosis, changes in
mitochondrial transmembrane potential or interfgrinn mitochondrial fusion.
Moreover, transfections witB DAPLspecific RNAI led to an increase in the number of
cells with a tubular mitochondrial morphology comgzhwith untransfected or control
transfected cells (Niemann et al. 2005). Additiosaldies, in human neuroblastoma
cells, proved that GDAP1l depletion induces a reduction in mitochondrial
interconnectivity and an increase in organelle htyptbut without increasing tubular
mitochondrial morphology (Pla-Martin et al. 2016DAP1dominant mutations cause
a loss or reduction of fission activity, or intede with mitochondrial fusion.
Recessively inherited mutant forms @&DAP1 display reduced fission activity
compared to wild-typ&DAP1(Niemann et al. 2009).

GDAP1-induced fission is dependent on Fisl and Dtgdlike with other fission
factors, GDAP1-induced fission does not increasestisceptibility of cells to undergo
apoptosis (Niemann et al. 2009).

The amino-acid sequence of GDAP1 shows strong aiityil to glutathione S-
transferases (GSTs) (Cuesta et al. 2002). Howewemeasure of GST enzymatic
activity using the model substrate 1-chloro-2,4xdnbenzene (CDNB), an electrophilic
substrate used to study the kinetic properties ®T$; did not confirm GST activity for
GDAP1 without transmembrane domain. It remains iptesghat GST activity for
GDAPL1 requires a proper localization (Pedrola e2@05).

Recent experiments determine tlddAP1over-expression produced an increase of the
total cellular GHS content and the mitochondrialnmbeane potential up to a level
where it apparently limits mitochondrial respiratideading to reduced mitochondrial
Cd" uptake and superoxide production. The authorsatem the hypothesis that the
potential GST-GDAP1 is implicated in the control tbie cellular GHS content and
mitochondrial activity and the involvement of oxida stress in the pathogenesis of
GDAPZLrelated CMT (Noack et al. 2012).
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In agreement, studies in human neuroblastoma petised thatGDAP1 depletion
increase ROS loads according to hypothesis thiitdb&GDAP1causes oxidative stress.
However, as these cells did not present alteratiomaitochondrial electron transport
chain complexes activity, it is unclear whethestbxidative stress has a mitochondrial
origin (Bolinches Amorés 2014).

However, GDAP1 dominants mutations lead to mitochondrial damageifested in
partial disturbance of the inner mitochondrial meame potential A¥m), increased
reactive oxygen species (ROS) loads, and incresseckptibility to apoptotic stimuli.
Recessively inherited mutant forms of GDAP1 do induce this damage (Niemann et
al. 2009).

Experiments in skin fibroblasts from AD-CMT2K patte conclude that the lower
respiration rate due to impaired complex | activigduces ATP production without
decreasing the efficiency of oxidative phosphorglat Mitochondrial energetic
metabolism of AD-CMT2K fibroblasts revealed a fuooal impairment of
mitochondrial complex | activity. In AR-CMT2K fibtwasts, the rate of ATP synthesis
driven by complex | was reduced by as much as Sd#%wever, the rate of ATP
production per unit oxygen consumption (ATP/O ratieas normal in AD-CMT2K
fibroblasts, indicating that the efficiency of oatd/e phosphorylation was unaffected
(Cassereau et al. 2009). The authors hypothesadatk of ATP due to a Complex |
deficiency could reduce mitochondrial mobilitiyg(ire 17), particularly in the distal
portion of neuronal axons. Insufficient mitochomdinnotility in the long axons might
explain, at least in part, why the distal portiaighe peripheral nerves are principally
affected in CMT disease involvir@DAP1mutations (Cassereau et al. 2011).

Mitochondrial dynamics
defect

T
’ 444 444, J)

Complex 1
Kegulation ?

,FADH: FAD-H*
o

- _}J 4 Lf ATF N\
NADH NADT+H* =—p  electron transfer
= f.l/\l r ——p proton flux

Figure 17. Schematic hypotheses evoked to explaihé mitochondrial dynamics and bioenergetics
defect in CMT4A/2K (purple dotted arrows) and consguences of the complex | deficiency (in
green). 1. The mutated GDAP1 increases the ROS level wiiab a deleterious effect on lipid
peroxidation, and on protein oxidation of complexX2i GDAP1 plays a role in complex | regulation
involving the phosphorylation and/or acetylatioripeays. 3: The mutated GDAPL is responsible for a
mitochondrial dynamics defect, either directly braugh an increase of the ROS level. A deficit of
complex | leads to a decrease in the reduction ADN, altered electron transfer to complex lll, a
reduction of the pumping of protons into the intemirane space, an excessive production of ROS and,
finally, a reduction of ATP synthesis (Cassereaal.€2011).
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In addition, it has been sugges that GDAP1 may participaten mitochondrial
movementwithin the cell. Human neuroblastoma cells expentserevealed the
GDAPL1 interacts with the traffickir associateghroteins RAB6B and caytaxin and w
B-tubulin. Theseuthors hypothesize tt GDAP1 may have a rol@ithe movement ¢
mitochondria towats the ER and mitochond-ER interaction that may krelevant to
the cellularpathogenesis (GDAPLrelated neuropathies (PMartin et al. 201%.

Others authors affirm that mitochondrial fissiorctta GDAP1 is also a peroxisom
fission factor. Loss of GDAP1 rest in elongated peroxisomal morphologies, as
fission capacity is decreased, whereas overexpression pror peroxisomal
fragmentation. GDAPInduced fission relies on the presencemitochondrial fissior
factor (MFF) anddynamir-related protein-1 (DRP1l)demonstrating that GDAF
influences fission upstre: of the conserved basic fission machinery of mitochia
andperoxisomes. To induce fission, the inte¢ of HD is essential in GDAF (Huber
et al. 2013).

A relationshipbetween C** and GDAP1 was alssuggested. GDAP1 ow-expression
caused a decreasedgtosolic C#* concentration (Noack et al. 201&)d its depletion
caused an increase (RN&artin et al. 201:. More specificallyyesearche conclude that
GDAP1 depletion ads in a failure to suste store-operated Gaentry (SOCE) upo

mobilization of ER-C& due to an impaired SOCE-driven €aiptake in mitochondri

Theseauthors propose that both the abno mitochondrialdistribution and its impac
in C&" homeostasisould underli the pathogenesis @DAPZLrelated CMT disea:

(figure 18). Depletion of GDAP1 may affect the proper mitochond network
distribution, its relationship with the ER, and psesitionin¢ near subplasmalemm
regions which may impair the SO' process and GAER refilling (Ple-Martin et al.
2013).

A B
Physiological situation GDAP1 null mutation

Ca* microdomain

id GDAP1 @ RABBB o Ca* i orait

- . v GDAP1
@ Caylaxin —~m—a Microtubule ' STIM1 &g A

r :
Figure 18. Proposedmodel for GDAPL1 function. (A) The scheme shows GDAP1 participation in k
retrograde and anterograde movements mediate RIAB6B and caytaxin, respectively, which allo
mitochondria to be positioned at ?’microdomains beteen ER and plasma membrane.)
Mitochondrial movementnight be affected by the absence of GD/in the case of null mutatio (Pla-
Martin et al. 2013).
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2.3.-GDAP1 family: GDAP1L1

Phylogenetic analysis demonstrate tGddAP1 belongs to a new group of GST-like
proteins that is quite different from all other G8asses (GDAP1 class). Genes of this
class, which includes humaGDAP1 and GDAP1L1 (GDAPllikel) genes, are
characterized by three main features. (1) Thetirdisve sequences appear quite distant
from all other GSTs in dendrogram§&g(ire 19). (2) They have a characteristic
additional amino acid region between predictedceslia4 and a5 (a4-a5 loop) that is
absent in most GSTs. (3) They also have C-termartdnsions that may correspond to
transmembrane domains. Those domains are absecdnionical GSTs, which, in
general, are cytosolic enzymes. These studiescalsolude that obvious orthologs of
GDAP1lexist in many vertebrate speci&DAP1paralogs, corresponding to the closely
relatedGDAP1L1human gene and its orthologs, also are foundffardnt vertebrates
(Marco et al. 2004 GDAP1andGDAP1L1are most closely related to the Zeta, Omega
and Theta GST classes but are unlikely to catalgaetions with compounds that are
known substrates for other previously studied G&@sre 19) (Shield et al. 2006).
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Figure 19. Unrooted NJ tree for GSTs of model animbs (Hs: Homo sapiensyim: Mus musculusDm:
Drosophila melanogasteiAg: Anopheles gambiaeand Ce:Caenorhabditis elegajsNumbers refer to
NJ and MP bootstrap values (Marco et al. 2004).
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The chromosomal locus @DAP1L1is 20g12. This gene, with a length of 33,818 base
pairs, contains eight exons. Five to nine transorgriants of GDAP1L1 have been
identified depending on database. The most strosigported isoform has 367 amino
acids but all this information is based in sequenaad predictions (ID 78997 in
www.ncbi.nim.nih.gov; ENSG00000124194 in www.enseory;
OTTHUMGO00000032530 in vega.sanger.ac.uk). GDAPllas la 56% amino acid
sequence identity and 70% similarity with GDAR(re 110) (Shield et al. 2006).
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Figure 110. Homology modelled structures of the :

amino terminal thioredoxin-like domains of GDAP1 1

and GDAP1L1. The conserved active site serin
positioned at the amino terminal end of helix hswn = /
in stick format (Shield et al. 2006). ks GDAP1 GDAPIL1

Little has been published abcd@DAP1L1.In 2014 it was established that tBelaplll
mouse ortholog is expressed in the CNS, but nthienPNS (Niemann et al. 2014). In
addition, even if the murine ortholog is a cytosoprotein, GDAP1L1 can be
translocated to mitochondria under stress conditieith increased oxidized glutathione
concentration (Niemann et al. 2014). Accordinghat tNiemann et al. (2014) proposed
that loss of GDAP1 is compensated by the mitochahthanslocation of GDAP1L1 in
CNS.
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3.-Peripheral nervous system

Peripheral neuropathy is a condition where damaggilting from mechanical or
pathological mechanisms is inflicted on nerves initthe peripheral nervous system
(PNS). Damage can be located either on neuron'ssafaxonopathy) or on Schwann
cells surrounding its (myelopathy). In contrasthe central nervous system (CNS), the
PNS possesses a unique ability to regenerate, meeahsince the time of Camilo Golgi
and Santiago Ramon y Cajal. However, despite tinsiderable capacity for regrowth
upon injury, PNS regeneration is far from completgecially in larger species such as
humans, and functional recovery rarely returnsr&ipjury levels (Richner et al. 2014).

The peripheral nervous systemcludes sensory receptors, sensory neurons, amor m
neurons. Sensory receptors are activated by a Isisntbat is converted to an electric
signal and transmitted to a sensory neuron. SemsEuyoNs connect sensory receptors
to the CNS that processes the signal, and transmmtessage back to an effector organ
through a motor neuron. The PNS has two partsstimeatic nervous system and the
autonomic nervous system.

The somatic nervous syste(moluntary) controls movements of skeletal musces
enables humans to react consciously to environrhehénges. It includes 31 pairs of
spinal nerves and 12 pairs of cranial nerves (lmittihhe optic nerve). Spinal nerves
emerge from various segments of the spinal cbodr¢ 111 and it has a dorsal and a
ventral root. The dorsal root contains afferenhgsey) fibres that transmit information
to the spinal cord from the sensory receptors. Kadies of the afferent fibres reside in
the Dorsal Root Ganglia (DRG). The ventral roottaors efferent (motor) fibres that
carry messages from the spinal cord to the effect@ell bodies of the efferent fibres
reside in the spinal cord gray matter. These rbet®me nerves that innervate muscles
and organs.

The autonomic nervous systefimvoluntary) maintains homeostasis automaticatlhy
without voluntary input. Its parts include recegtovithin viscera (internal organs), the
afferent nerves that relay the information to tiéSC and the efferent nerves that relay
the action back to the effectors. The effectorthia system are smooth muscle, cardiac
muscle and glands, all structures that functiorhetit conscious control. The efferent
portion of the autonomic system is divided into pwthetic and parasympathetic
systems (www.pennmedicine.org 2001).
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3.1- DRG
Dorsal Root Ganglia (DRG) neurons are primary afierneurons responsible for
transmitting sensory information from the periphtrthe CNS. The DRGs are part of
the PNS and are located in the neural forameneo¥éntebrae, in close proximity to the
CNS. For each cervical (C), thoracic (T), lumbay @dind sacral (S) vertebra the DRGs
are designated C, T, L or S and the correspondumgber of the given vertebra in a
rostro-caudal order (Richner et al. 2014).

DRG cell bodies are pseudo unipolar, with a pernghand a central branch. The DRG
contain many functional classes of sensory neu{8nsth et al. 2012). Sensory neuron
types can be delineated by the expression of negtat factor receptors, tropomyosin
receptor-kinase A (TrkA), TrkB, TrkC, which serve geceptors for the neurotrophins
(figure 112 (Lallemend & Ernfors 2012).

Nociceptiveneurons are small, unmyelinated cells mediating pansation. They also
express the TrkA receptor and respond to the neyioin NGF. Their central
projections terminate largely in laminae | and I

Tactile mechanosensitivaensory axons are larger than nociceptive axodsaea well
myelinated. Peripherally they project via cutaneoasves to a variety of specialized
receptors in skin. Their central terminations agetnicted to the dorsal horn but in
deeper laminae than nociceptive axons, and thesgecpipns are arranged
topographically, reflecting the specific area ahstey innervate peripherally. Many of
these neurons express TrkB and respond to the tnepinon BDNF.

The largest sensory neurons gmeprioceptive projecting peripherally via muscle
nerves and supplying muscle spindles and Golgiaeratgans. They provide the CNS
with information regarding body position and mudellegth and tension. These neurons
respond to the neurotrophin NT3 via TrkC receptdiseir central axons project to
more ventral layers of the spinal cord than mecheseptors do, where they provide
direct excitatory input to motoneurons (mediatihg simple stretch reflex) as well as a

'.'-.I‘-! e Ry la muscle affarants —s= Spindles
. flmuscie afierents — s Spindles }Dmﬁ:}cembn
 ®_  __ ibmuscleaflarenis —» GTO
AB-LTMHA fibars Skin
i AG-LTMR fibors Skin :I» Mechanoreception
SRS, 2 eSS C-LTMR fibers —s Skin
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T Non-peptidergic C-fibars s Skin j|~ThGJ.1110c_epljnn
Peptidergic C-fibars —» Skinfviscera | Pruricaption

TRFANTS in Mocrenarionnos
Figure 112. Central termination patterns of different classes of DRG neuronThe group la and some
group Il afferents that innervate muscle spindgmsndles) in the periphery project into the vengaihal
cord to connect motor neurons directly. Group Heraits (which innervate golgi tendon organs, GTO)
as well as group Il afferents, connect interneurite intermediate zone of the spinal cord. TheAG-
and A3-low-threshold mechanoreceptors (LTMRS) projecthte dorsal horn. Hence, C-LTMR endings
terminate in lamina Ili and overlap with thé@-ATMR fibres that end partly within lamina Il andamly
in lamina 1ll. The A-LTMR fibres terminate in laminae IIl through V. &@hA5 myelinated fibres
innervate laminae | and V and peptidergic and neptigdergic neurons, laminae | and Il. Nociceptive,
thermoceptive and pruriceptive neurons are eithmmyelinated (C-fibre) or lightly myelinated (Ad)
sensory neurons. Peripherally, all types excemayp, Ib and Il afferents, innervate the skin amdike
peptidergic neurons, non-peptidergic neurons teatgilonly in cutaneous fields and do not contritiate
deep innervation of, for instance, viscera (Lallach& Ernfors 2012).
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3.2-Motor neuron

The human body has more than 300 bila pairs of muscles containing more than
million muscle fibres, whth are innervated | more than 120,000 motor neurons (V
in the spinal cord alon@anning et al. 201L.

Lower MN cell bodies are located in specific nudteithe brainstem as well as in i
ventral horn of the spinal cord and therefore, lilger MNs,have their soia within
the CNS. The remarkable characteristic of lower MNstheir axonal extensic
connecting targeteutside of the CNS. Lower MNs are cholinergic aadeive input:
from upper MNs, sensory neurons (SNs) as well@s interneurons (INs). Paralyss
a typical clinical symptol of lower MN lesions since once damaged there is
alternative route to convey the information to thescle targets in the periphery. Lov
MNs are classified into three groups accordinghi tiype of target they innervati)
branchial, (ii) visceral, and (iii) somatic MI

Somatic MNs are located in the Rexed lamina IXhia brainstem and the spinal c
and innervate skeletal muscles responsible for mewts. MNs form coherent grou
connecting to a unique muscle tardefined as MN pools. A motor unit defines
single MN together with alits axonal branches and all the muddbees it innervates.
Interestingly, motor units alhomogeneous: a MN innervates muddbees of a single

type (igure 113).

Figure 113. Schematic of a myotatic reflex
illustrating the spinal cord (SC) circuitry. Sensory
neuron (SN, blue) located in the DRG transmit
stretch stimulus sensed by the muscle spindle |
gray) to an interneuron (IN, purple) as wes directly
to motor neurons (MNs, dark and light green). Imfi
MNs stimulate the contraction of extensor mut
(red) and ensure the concomitant relaxation of
antagonist flexor muscle located in the | (Stifani
2014).

Somatic MNs ca be divided into 3 groups: (i) alpha, (ii) betayda(iii) gamma
according to the musclitbre type they innervate to within a specific musclegét
(figure 114) (Stifani 2014)

Alpha motor neuronsthe most abundant and biggest, innel extrafusal skelet
muscleand drive muscle contractic Mosta-MNs receive direct la inpu

Gamma motoror fusimotor neurons innervate intrafusal mu fibres of the muscle
spindle and play complexwles ir motor control.

Beta motor neurondess we-defined population, innervatémth intre- and extrafusal
fibres(Kanning et al. 201.L.

Figure 114. Schematic of muscle
innervation. Longitudina section of
muscle fibres showinthat aMN (yellow)
innervates  extrafusal musclefibres,
whereagyMN (green)connects to intrafus
fibres within themuscle spindle surround:
by the capsule. Sensory neurons (b
carry information from the intrafus fibres
to the central nervous system (Adap
from Purves et al. 200.
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Neuromuscular junction.
The neuromuscular junction (NMJ) is a specializgdapse in the peripheral nervous
system, which serves to achieve reliable transomsbetween theMN and skeletal
muscle fibres (Punga & Ruegg 2012).
The NMJ is composed of three compartmefisi(e 115:
(1) The presynaptic part — the motor nerve terminas responsible for synthesis,
storage and release of the neurotransmitter atetyhe (ACh).
(2) The intrasynaptic part — the synaptic basalilam- constitutes a structural and
functional extracellular matrix and facilitates adlon between synaptic membranes.
(3) The postsynaptic part — the muscle membraneontams a high density of
acetylcholine receptors (AChRs) and other molecutgsortant for the establishment
and maintenance of the NMJ (Punga & Ruegg 2012).

A

Figure 115. The mammalian neuromuscular junction (NMJ). (A) Schematic diagram illustrating cell
types and organelles at the mammalian NMJ. Theypsgdic motor nerve terminal are shown in green.
Note the presence of large numbers of mitochondii&. post-synaptic muscle fibre is shown in yellow,
with characteristic postsynaptic folds and clusigrof acetylcholine receptors (AChRs; red). Terrhina
Schwann cells (TSC) are shown in blue and two NEJping cells (kranocytes) are shown in magenta.
(B) Schematic diagram illustrating the normal irvation pattern of three muscle fibres (yellow) m a
adult mammalian muscle. Note how each muscle fibrenly innervated by a single axon (green;
ensheathed by myelin shown in grey) at a singletpafi synaptic contact (red; AChRs). Also note how
each presynaptic motor nerve terminal brancheshatendplate resulting in a mirror image of the
underlying AChRs (Murray et al. 2010).

Notably, the NMJ goes through a unique series dimtion processes that differ from

those of the central synapse. First, whereas ntaiaraf the central synapse normally
occurs within hours, the NMJ takes days to week®tfioe its molecular and structural

organization to achieve its mature form, which exbi efficient neurotransmission.

Furthermore, the stability of the NMJ increases raaturation, and the synaptic

structure, once mature, persists throughout mogostnatal life, thus enabling life-long

effective motor performance (Shi et al. 2012). ‘Bhex; however some loss of NMJ
innervation and reinnervation by axonal sproutim@geing animals.

Due to the tight correlation between synaptic atgtiand NMJ morphology, a great

deal of information can be gained about the fumeticstatus of motor neurons from
analysis of NMJ morphology. As loss of NMJs frediyemepresents one of the first

aspects of neuromuscular pathology, quantificatibthe level of innervation can give

important information about the progression of paigy and the potential effect of a
therapeutic intervention. Furthermore, as NMJ lomsresents a significant step in
pathological progression, the development of themtips that can stabilize connections
and encourage regeneration may yield significanefie(Murray et al. 2014).
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4.- Mitochondrial dynamics in peripheral nerves

Peripheral nerves require efficient energetic mataim to maintain their complex
machinery and the transport of many molecular arghreelle cargoes along axons,
which may be as long as one meter. The highly apsed Schwann cell with many
myelin lamellae wrapping axons also has to be ramiatl. Proper mitochondrial
functioning is therefore fundamental for axonal amgklin formation and maintenance
(Pareyson et al. 2015).

4.1.- Mitochondria in neurons
Mitochondria are organelles with an outer and ar@irmembrane (OMM, IMM). In the
outer membrane porins forms large aqueous charthals make it permeable to
molecules up to 5000 daltons, including small preteSuch molecules can enter the
intermembrane space which is chemically equivaliiie cytosol.
The major working part of the mitochondrion is thatrix and the inner membrane that
surrounds it ffgure 116). The inner membrane is highly specialized, iséectively
permeable to those small molecules that are metaolor required by the many
mitochondrial enzymes concentrated in the matrixe atrix enzymes include those
that metabolize pyruvate and fatty acids to prodametyl CoA and those that oxidize
acetyl CoA in the citric acid cycle. The princigald-products of this oxidation are O
which is released from the cell as waste, and NABMich is the main source of
electrons for transport along the respiratory chaime name given to the electron-
transport chain in mitochondria. The enzymes ofréspiratory chain are embedded in
the inner mitochondrial membrane, and they arendisgdo the process of oxidative
phosphorylation, which generates most of the anaeliis ATP. The inner membrane is
usually highly convoluted, forming a series of idiags, known as cristae, that project
into the matrix (Alberts et al. 2007).
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Figure 116. Mitochondrial funct|on in normal cells. Under regular oxygen conditions, healthy cells
primarily rely on mitochondrial OXPHOS for ATP prection. 1) C&" ions are taken up into a
mitochondrion through VDACs and €asensitive uniporter channels, and stimulate ATRegation. 2)
Glucose is converted into pyruvate during glycdysihich is 3) imported into the mitochondrion for
entry into the TCA cycle. 4) Reduced succinate IdFADH molecules are used by the ETC complexes to
power ATP generation. 5) ROS created along the BieCbalanced by antioxidants, such as superoxide
dismutase (SOD), and 6) UCP channels. 7) ExceSsi@®s are expelled from the mitochondrion through
the MPTP comprised of VDAC, ANT, and CypD (Carlsziral. 2013).
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Mitochondria are essential organelles for the &fed death of eukaryotic cells and
participate in oxidative phosphorylation; biogesesif iron-sulfur clusters, heme,
certain lipids, amino acids (Otera et al. 2013) andargets signalling molecules
including hydrogen peroxide and nitric oxide. Ferthowing to their large capacity to
store C&', mitochondria are crucial for €abuffering and are thus involved in
numerous signalling pathways. However, mitochohd@a’* overload can lead to
neuronal apoptosis or necrosis (Sajic 2014).

The biosynthesis of mitochondria requires contidng from two separate genetic
systems. The majority of the proteins in mitochaamdire encoded by special genes
devoted to this purpose in nuclear DNA. These jmetare imported into the organelle
from the cytosol after they have been synthesizedcytosolic ribosomes. Other
organelle proteins are encoded by mitochondrial DIFADNA), consisting in many
copies of small circular DNA anchored to the IMMjdasynthesized on ribosomes
within the organelle. In mammalian cells, mtDNA raakup less than 1% of the total
cellular DNA. The human mitochondrial genome camaabout 16,500 nucleotides and
encodes 2 ribosomal RNAs, 22 transfer RNAs andifi@reint proteins. Those proteins
are subunits of Citochrome oxidase, ATP synthaseNshDH dehydrogenase (Alberts
et al. 2007).

Mitochondria proliferate by growth and division,uth their fusion and fission are
important for maintaining mitochondrial number gndction (Otera et al. 2013). Post-
mitotic tissues such as components of the nervgsiem have the lowest capacity to
maintain function following impairment of mitochomal function, due to their limited
capacity for self-renewal (Sajic 2014).

Furthermore, neurons are spatially complex cellh wong axons, which renders the
distant parts more liable to experience mitochaidnsufficiency than the majority of
spherical or columnar cells. In neurons, as welthesstandard cellular requirements,
ATP is necessary for impulse conduction, as maariea and post-impulse restoration
of the membrane potential is dependent on the ram@f N& ions by the
Na'/K*ATPase. These great variations in impulse actigitgr time, thus the relative
metabolic demands of central and peripheral commusnef the same neuron are
constantly changing. Clearly, delivering mitochdadto areas of high metabolic
demand (the right place) at the right time is esakrbut should not be done at the
expense of neglecting the cell body. Therefore, Itimg-distance two-way transport
system for mitochondria in neurons is necessardgnmex, receiving signals from
several regions and “trying” to provide a suffidiesupply to all areas simultaneously,
including sites remote from the cell body. Inde@ith some cell processes more than
one metre long in human, clearly the potentialiclitties are compounded in that the
very process of delivering energy has evolved atoajor energy-requiring system in
its own right (Sajic 2014).
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4.2.-Mitochondrial fusion -fission
Mitochondrial dynamicgefine the cotinuous process of fusion and fission of th
organelles, fundamental to regulate their shapme sind number, as well as -
mitochondrial transport along axons, and the imt@vas with other organelles, such
the endoplasmic reticulum (El(Pareyson et al. 2015).

Fusion isthe combination of two separate mitochondria inte andserves to mix ar
unify the mitochondrial compartme(Cagalinec et al. 2013}t is a twc-step process
whereby first the OMMduse, followed by fusion of the IMMsALt least one fusin
partner needs to be mobile and move towards ther étising partne. The probability
that a mobile mitochondrion will get engaged inidaswith a stationary mitochondric
increases with the velociof the moving partner. In other words, the greé#terspee:
at impact, the higher the chance that the colliaimgpchondria will fuse(Sajic 2014).
Mitochondrial fusion {igure 17) is regulated by dynamilike GTPases located both
the OMM, Mitofusini (MFN1) and Mitofusi-2 (MFN2), and in theIMM, Optic
Atrophy-1 (OPA1). MFN1 and MFN2 form hornr- and heteraligomers in (MM of
two mitochondria, determining their tethering ire tfusion process. MFNL1 interac
also with OPA1, important for theMM fusion and cristae shapir(Pareyson et al.
2015).

MITOCHONDRIAL FUSION

Figure 117. Mitochondrial fusion. In the mitochondrial fusion, two mitochondria nedgt each othe
come intocontact and the mitofusins (MFN1 and MFN2) in th&eo membranes (OM) of the tv
mitochondria tether them by forming ho- and heteraimers. The two OM fuse and then the in
membranes (IM) begin the fusion process which idiated by OPAL, Icated in the IM, which interac
also with MFNL1. After fusion of the membranes, tive mitochondria merge their whole content an
the end of the process one larger mitochondri@biained(Pareyson et al. 2015).

Fissiongenerates morphologically and functionally distiooganelle (Cagalinec et al.
2013). Under basal physiological conditions, fusion iseiquilibrium with fission ir
such a way that the distribution of mitochondriales in cells is maintaed relatively
constant (Sajic 2014).

Mitochondrial fission is regulated by other pros (Figure 11¢), including
mitochondrial fission factor (MFF) and mitochondrasion protein 1 (FIS1), acting
the OMM as ligands of a cytoplasmic multimeric GTPasspalelated to dynamin
named DRP1 (dynamirelated protei-1) in mammals. GDAPDarticipate possibly
favouringthe assembly of DRF(Pareyson et al. 2015).
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Figure 118. Mitochondrial fission. Fission of one mitochondrion leads to the formatdriwo novel
mitochondria in a process which is less knoln the fission process, MFF and FIS1, in the, interact
with the cytoplasmic multimeric protein DRP1, anpontant effector of fissin. GDAP1 participates
OM (Pareyson et al. 2015).

The balance of these two processes determinanelle shape, size and number an
critical for organelle distribution and bioenergsti The latter is particularly importa
in neurons, which have a unique bioenergetic mrafile to their dependence ug
energy from mitochondria and their specied, compartmentalised energy nee
Beyond the control of morphology, the mitochondfiadior-fission cycle appears to |
also critical in regulating cell death and mitopjaglitochondrial fission contributes
quality control by favouring removal of diaged mitochondria via mitophagy and n
facilitate apoptosis in conditions of cellular sse Failure of mitochondrial fusi-
fission dynamics has been linked to several dis as CMT and othe
neurodegenerative disea(Cagalinec et al. 2013).
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4.3.-Mitochondrial transport in neurons

In motor and sensory neurons of the peripheral mervsystem, mitochondriare
particularly concentrated in defined regions: thiéidl segment of the axon stemmi
from the perikaryonglose tcnodes of Ranvier, at distal sites close to thearausculai
junctions (motor neurons) or to the sensory enahiteals (sensory neurc), and at the
site of any lesior{Pareyson et al. 201. Approximately 3040% of total mitochondri

are in movementeflecting the acute neefor buffering C&" influx and distribuing

ATP among the microdomains insicneurons A mitochondrion can eith move
continually over a long distance at a relativelpstant speed, pause sporadically ar
start gain with a different speed or direct (Lovas & Wang 2013).

The neuronal cytoskeleton, which is composed ofrotubules, acn filaments and
neurofilaments, acts as a railway to trans mitochondria along neuronThe axonal
flow is termedanterograd: when directed toward the terminal end aslograde when
going backwards to the neuron's sc

The majority of mitochondrial movement is microtub-based(A-C in figure 119.
Two principd motor proteinshave been described. The kinesin fanpitgteins transfer
cargoes from the cell body toward the terminal émuterograde), whereas dyneir
preferentially inwlved in retrograde flo. Both protein families have a microtub-
binding dom& with two branches and an A-hydrolyzing activity allowing a ste
like movement;, moreover, they use several adaptomd scaffolding proteins f
recognizeand bind cargoe(Pareyson et al. 2015).

The Miro-Milton complex is the best understood adaptor complexhiregulation o
mitochondrial anterograde transport. current model suggests that Mfunctions as
a receptor with a transmembri domain integrated into the outer mitochonc
membrane, and Miro binds Milton, which in turn binds to Kiesir Heavy Chain
(KHC) (A in figure 119).

The adaptor proteins for retrograde mover of mitochondriaare less clee it seems
that there is only oneompley, dynactin, which binds to dynein and microtub
directly via its largest subunit, p150. Dynactinynfacilitate the¢ processivity of the
dynein motor or its cargo bindi (B in figure 119 (Lovas & Wang 201..

Most of immobile mitochondria there are alsbound to microtubule, which is
regulated by syntaphili(SNPH) SNPH serves as a docking protéinin figure 119
(Ni et al. 2015).

A B

Mitochondrion

D

Protein X

Dynactin

microtubules

Figure 119. Schematic representations of mitochondrial transprt machineries. A) Mitochondria are
transported on microtubules kinesin;Milton acts as an adaptor linking i@sin Heavy Cain (KHC) to

miro. B) Mitochondria argransporte on microtubules bylynein; Dynactin act as an adapiC) mobile
mitochondria stop once they bind to syntaphilin,levistill being attached to motors and microtubu
dynein lightchain, LC8, has beenown to be involved in this immobilizatidoy stabilizing syntaphili~

microtubule interactions. Dylitochondrie are transportedn actin filaments byMyo19; WASP fami
verprolin homologous protein 1 (WAVE1) regulatestimcpolymerizatiol. “Protein X" indicates
additional unidentified proteins on the outer mitondrial membrar (Lovas & Wang 201:.
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Mitochondria are also transported along actin féats O in figure 119, a process that
happens more frequently in dendritic spines, groeahes, and synaptic button where
the actin cytoskeleton is enriched. This actin-dasevement is relatively short-range,
likely mediated by myosin motors, and important lfmcal and acute translocation and
docking of mitochondria in response to action ptiédsy C&" influx, or neurotrophic
stimulation. Actin-based transport can also coatdin supplement, or even oppose
microtubule-based transport.

Although mitochondria are able to travel along mclittle is known of actin motors or
their mitochondrial adaptors. As a motor, Myol9 Ieen described but it is still
unknown if Myo19 binds to the mitochondrial membeadirectly or via its binding
partners. In addition, the WASP family verprolinnmmlogous protein 1 (WAVE1) that
regulates actin polymerization has been recentipwshto control depolarization-
induced mitochondrial movement into spines andpbldia and regulate spine
morphogenesis (Lovas & Wang 2013).

The last component of neuron cytoskeleton, newnwints, are particularly abundant in
axons and their main function is to control the raxdiameter and thereby axonal
conductance (Kevenaar & Hoogenraad 2015). Neuroéfg network disruption can

impair axonal architecture and axonal transporuriaments influence the dynamics
of mitochondria too by regulating their arrest whiataching from molecular motors
and microtubules, as stationary mitochondria appedre bound to the “beams of the
scaffold” NF-M and NF-HC in figure 120 (Pareyson et al. 2015).
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Figure 120. Axonal transport. The figure shows theanterograde and retrograde transport taking
place in the axon of a neuronThe cytoskeletal architecture with the polarizecnotiubules and the
neurofilament scaffold is represented. (A) Anteealgr transport toward the terminal end is mediated b
kinesins and kinesin-1 is the main mediator of sfitndrial anterograde transport. It steps along
microtubules in an ATP-consuming process with é@g-like heavy chains and, through the adaptor
Mirol-Milton complex bound to MFNZ2, transports thatire mitochondrion. (B) The dynein complex
moves in the opposite direction (retrograde axdloal) in the same step-wise ATP-consuming fashion.
It ties the mitochondrion through dynactin andimtgortant p150glued subunit. (C) Mitochondria move
along the cells and are particularly concentrateegions of high energetic demand, such as atdde

of Ranvier. Stationary mitochondria are bound toroélaments (NF-M, NF-H) (Pareyson et al. 2015).
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4.4.Microtubules as railway of axonal transport
Microtubules arecylindrical polymers built up fromo- and - tubulin heerodimers,
with a fast-growing plugnc and a more stable minus-end. Thégleulin polymers
switchesstochastically between polymerizat and depolymerizatiorg process called
dynamic instability(Kevenaar & Hoogenraad 20. In an axon,microtubules ar
uniformly arrayed with all plt-ends pointing to the axonal terminal and the nr-ends
to the cell bogl, whereas in a dendr their polarities are typically more mixe¢Lovas
& Wang 2013).Microtubules serve as tracks and different molecatanplexes carr
mitochondria along this rlway. Polymerization of alpha-and bet-tubulin
heterodimers confers a clear polarization, fundaeieior properly directing axoni
transport, as molecular motors preferentially miova unique directioil(Pareyson et al.
2015) Microtubules are uniformly arranged axons: their plus ends are orien
distally and minus ends ¢ directed toward the soma.
The dyamics of microtubules e regulated by a large numbef factors, includin
microtubule-associategroteins (MAPs), motor proteins, postanslatione tubulin
modifications and pluend trackin: proteins(Kevenaar & Hoogenraad 20..
There are podranslational tubulin modifications that makes ratabules more stat
(figure 127). In migrating mammalian cellsubsets of microtubles that orier towards
the leading edge are more stable and enrichedeitylatior and detyrosinatic (Wloga
& Gaertig 2010).In agreement, acetylation and detyrosination ocoargolymerizec
microtubules; deacetylatioand retyrosination on depolymeriseties. Moreove a
preference of some mesins for acetylated and detyrosini microtubule has been
reportedJanke & Kneussel 201.

Key:
Acetylation level

B Acetylation (lysine 40)
Processing of C-terminus
@ Tyrosinated a-tubulin

@ Deyyrosinated a-tubulin
@ A2-Tubulin (a-tubulin)
Glutamylation level

| Short side chains

I |_ong side chains

Figure 121. Microtubule cytoskeletor implications in axonal transport. Posttranslational tubulir
modification can regulataxonal transporby modulating motor proteins anaicrotubuleassociated
proteins (MAPs)inking to microtubuls (Adapted from Janke & Kneussel 2010).
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5.-Models to study CMT

5.1.- Mouse as a model of CMT

Owing to the rapid progress in animal genome emging, mouse models of disease
are experiencing tremendous development. There isnead for phenotypic
characterization of the novel models including therphologic approach. The small
body size of this species requires specific tedirgolutions enabling the assessment of
particular morphological features (Krinke et al.12D The characterization of mouse
models of human disease is essential for undensigqutide underlying pathophysiology
and developing new therapeutics. Many disease®ftea associated with more than
one model, and so there is a need to determinehwhadel most closely represents the
disease state or is most suited to the therapappcoach under investigation. In the
case of neurological disease, motor tests providgo@d read-out of neurological
function (Brooks & Dunnett 2009).

Peripheral nervous system in mouse.

PNS is guided by the same rules as in other spdoigeneral, sensitivity is determined
by the size of affected structures. Therefore,sttiatic nerve, the longest spinal nerve,
is suitably represents the peripheral nerves. Aixdaaage or “axonopathy” is “distally
accentuated”, most prominent in the distal nenanbines; according to dying back
theory, axons located distally from an injury urgtedegeneration. Moreover, since the
axons are maintained by axonal transport of masesiapplied by the nerve cell body,
and such transport to distal nerve branches needgercome long distances, the distal
axonal portions most remote from the nerve cellyom@ most vulnerable.

In order to assess whether damage to nerve filsrestally accentuated, the sciatic
nerve must be collected and examined at least atléwels: proximally (above the
knee)and distally in one of the main branches.,tagtibial nerve (below the knee). It
is important to remark that the mouse sciatic nenginates mainly from the third (L4)
and fourth (L5) lumbar spinal cord segmentgife 122. The number of lumbar
vertebrae in mice is variable, e.g. mostly fivetebrae occur in DBA/2J, mostly six

vertebrae in C57BL/6J and a mix in B6129PFZ/J (keiet al. 2014).
(A) to brain

Spinal cond

Figure 122. Image representing spinal cord,
DRG and sciatic nerve in rat.Diagram of the

sciatic and saphenous nerves, their termir
branches and their dorsal root origins showir
that the saphenous nerve (femoral nerve plex
L3 DRG) has minimal overlap with the sciatic
nerve plexus (L4, 5 and 6 DRGs) (Decosterd
Woolf 2000). Cormemon Peroneal

Saphenous nerve

Tibial
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Relationship between sciatic nerve branches antpddoinnervation has also be
establishedf(gure 123. The @aphenous nerve innervates tihedial footpad whilehe
tibial and sural branches ¢the sciatic nerve innervate the tah and lateral pes
respectively(Decosterd & Woolf 200

T—___._-. "_-'.._.—,=—

Figure 123. Different zones of the plantar surface of the rat pw [ (center)
innervated by the sciatic terminal branches and thesaphenous == == - =S 3 e
. L — = = Saphenous

nerve. At the borders between the skin territories < overlap of A 7 (Medial)

axonal terminals may occubécosterd & Woolf 200 e

Examination of the PNS reasonably includes sampliethe skeletal muscle. In ti
mouse, the soleus muscle is ty| (oxidative) predominant and quadriceps femori:
long digital extensor are type Il (glycolytic) pi@minant. like in other species, medi
gastrocnemius muscle is considered to contain niloves especially susceptible
toxic neuropathiegKrinke et al. 2014

Analyzing NMJs, skeletal muscles of mouse can Hadisided into two subtype:
designatedrast Synapsir (FaSyn, like gluteus) anBelayed Synapsit (DeSyn, like
gastrocnemius), muscleSo(re 124). These muscles differ in the rate of neuromusc
synaptogenesis during embryonic development artiermaintenance of NMJs in t
adult. In FaSyn muscles, a mature pattern is aediewithin less than 1 day

development but, in DeSyn muscles, ituires 45 days. These differences in f
timing and rate of synapse assembly appear to cteffeuscl-intrinsic, nerv«-
independent programs of focal AChR clustelr In a DeSyn muscle (such as -
soleu$, focal AChR clustering and maintenance dependically on nerv-derived
factors, whereas this dependence is much moreeliimin FaSyn muscles. NMJs

FaSyn and DeSyn muscles continue to differ for sdvaonths after birth. Thus, aft
birth and up to 35 months of age, AChR clusters and presynznerve terminals i
DeSyn muscles are selectively vulnerable to therates of nerv-evoked activity(Pun

et al. 2002).
Figure 124. Distribution of FaSyn and

[ Superficial Thigh [ Calf ] DeSyn Muscks in the Hinc limb of the
D Mouse DeSyn muscles are in blue, ¢
FaSyn muscles are in green. The do
lines indicatepositions of the bones. SI
sciatic nerve (E). Latral (C—F) views of
thigh (D, and E) and calfF). Lateral
views are suthivided into superficial D)
and deep (E). Aigh muscle abbreviatis:
BF, biceps femoris; CF, caufemoralis;
GMax, gluteus maximus; GMed, glute
medius; GMin, gluteus minimus; R
rectus femoris; Std, semitendinosus
dorsal; SM, semmembranost;, and VL,
vastus lateralis Calf muscle
abbreviations: EDL, extensor digitort
longus; LGC, lateral gastrocnemius; F
peroneus  brevis; PD4,  perone¢
digitiquarti; PD5, peroneus digitiquini
PL, peroneus longusSOL, soleus; TA,
L] tibialis anterior,(Pun et al. 200..

[ Deep Thigh

Lateral View
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Mitochondria labelling in mice

The co-evolution of opticah vivoimaging (orin vivo microscopy) and mouse genetics
allows the investigation of neurological diseasedais in living animals at the level of
single cells. Of particular importance was the gatien of transgenic mice that express
high levels of fluorescent proteins in their newolm these mice, neurons are labelled
with different spectral variants of fluorescent teins, which are expressed under the
control of a modifiedThyl-promoter element (Misg&dKerschensteiner 2006).

More specifically, mice engineering has made pdsglie generation of a fluorescence
labels to selectively image mitochondrial dynamitsghe mouse nervous system, in
both live mice and acute explanizy(re 125. In vivo imaging of mitochondria is very
useful tool to analyse this essential organelles@idid et al. 2007).

Figure 125. In vivo imaging of mitochondrial transport. (c)
Peripheral motor nerve fascicle in a Thyl-mitoCFRrBuUse.
Mitochondria align inside motor axons (inset 1),daa high
density of mitochondria fills the terminal branchesf
neuromuscular junctions (inset 2; acetylcholineeptars labelled
with a-bungarotoxin; red). (d) Time-lapse seriesmofochondria
in the proximal part of an intercostal axon in aveemuscle
explant. An averaged still frame of the imaged asmgment
(top), and the filtered and intensity-inverted vemnsof the image
(middle) are shown (Misgeld et al. 2007).

5.2.- Primary culture as a model of CMT

Cell culture is used by researchers worldwide taidate metabolic pathways and to
discover the mechanisms involved in cell signalliregulation of gene expression and
protein synthesis, cell proliferation, senescerar®] cell death. However, it must be
noted that cells in culture are different from thas vivo in many ways. The normal

extracellular matrix (which has important influeaaen cell morphology and function)

is absent, as are other cell types that normallyosnd the cells in question and
communicate with them (Halliwell 2014).

The formation of a complex nervous system requingsotubule-mediated processes
that coordinate proliferation, migration, and diffietiation of neuronal cellsfifure
I26). Therefore, it is not surprising that many neurodigwaental problems and
neurodegenerative disorders are caused by defieenme microtubule-related genes
(Kapitein & Hoogenraad 2015). Use of primary cudtwallows us to study in depth
several processes related with mitochondrial dygfan: neurite initiation and
outgrowth, axon elongation and regeneration, déndpine morphodynamics, synapse
functioning and axonal transport.
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Figure 126. Neuronal mcrotubule, and their functions studied in cell culture Cartoon illustrating th
different functions of neuronal microtubules. Zoosf®w microtubule organization in dendritic spil
(1), emerging neurites (2), and growth cones (3xuwfured rat hippcampal neurons. (1) Zoom
dendritic spines of neurons at DIV56 expressing dbén marker Lifeact (red) and the microtub
growth marker MT+TIP. For the MT+TIP, an overlay48 frames is shown to highlight the trajecto
in the dendritic shaft, inctling spine entries. (2 and 3) Zooms of neurite ftfom (2) and a growth cor
(3) from a cultured rat hippocampal neurons at DIstained for tubulin (green) and actin (red). Avsc
indicate overlap between the in and microtubule cytoskeletg¢Kapitein & Hoogenraad 201.

Adult DRG primary cultur.

Dorsal Root GangligdDRG) are a convenient souraagf neurons for studying tr
mechanisms of RS developmer growth maintenance and dise in vitro. In
addition, in peripheral neuropathisuch as CMT, the possibilityo culture affected
cells and study diseageogressiorcan help to investigatine pathological mechanis
Evaluation of different parametein DRG neuron culturethroughout the disease ti
course enables us to studigease progressi.

DRG cultures ofterare used in neuron dise models as they anelatively easyto
dissect, dissociatend maintain in cultu (figure 127).
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Figure 127. Adult DRG primary culture 5div. Representative image of DRG primary culture froi
months old mouse afterdhys "in vitro" (div). Note that neuron soma appeis a bright spher (black
arrows) while neurites come out from soma as a thin pras becoming a neuronal 1 (white head
arrows). B is a magnification of square drawn ir
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Postnatal SCG primary culture.

The rodent superior cervical ganglion (SCG) is efulsand readily accessible source of
neurons for studying the mechanisms of sympathetcvous system (SNS)
development and growih vitro. The SNS of early postnatal animals undergoes & grea
deal of remodelling and development; thus, neutaken from mice at this age are
primed to re-grow and establish synaptic connestiafter in situ removal. The
stereotypic location and size of the SCG make daldfor rapid isolation and
dissociation (Jackson & Tourtellotte 2014).

Several techniques such as microinjectiomu(e 128 can be used to analyse
mitochondrial movement in postnatal SCG culturdlé@i& Coleman 2010). To study
mitochondrial movement there are many commerciakera. However, microinjection
allows us to label only a few neurons in the distd &0 know the orientation of
individual axons.

Figure 128. Postnatal SCG primary culture
during microinjection. Representative image of
SCG primary culture from P1 mouse after 4di
Note that neuron soma appears as a brig
spheres while neurites come out from soma aj
thin processes. Note also the shadow
microinjector pipette during microinjection of
soma neurite.
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Mutations in many genes cause Charcot-Marie-ToGT) neuropathy; and due to
this a wide variety of subtypes and associated @iypes has been described.
Ganglioside-induced differentiation-associated pmtl (GDAPD is one of these
genes causing CMT, which is the special interesMaditerranean basin due to the
elevated frequency of CMT patients with mutatiamghis gene.

Despite previous studies in cell culture, the fiorctof GDAPL still unclear. It was
initially described as a fission-inducing factouttihe molecular roles and pathogenic
mechanisms in CMT disease remain undetermined.

Hypothesis

Based on cell culture studies and also the patrsplogy of CMT patients our
hypothesis is that GDAP1 is implicated in mitochoaldtransport and positioning
within the neurons and axons. The disease pathofodye to impairment of transport
and/or mislocalisation of mitochondria, which mayrelated to the nerve length.

Objective

The main objective of this thesis is to investigate function of GDAP1 and
understand its implications for CMT disease. Fig flurpose we have generatedapl
null mice as a tool to investigate how the laclgehe function leads to neuropathy and
to characterise the degeneration course.

As a first aim of this thesis, it is necessary haracterize our mouse and assess its
suitability as a model fo6DAP- related CMT. Once this first goal is reached,caa
use it as a tool to better understand the pathogeechanisms. A good mouse model
for a disease should allow us to investigate théeoutar changes occurring in all
mouse tissues because of the mutated gene, soewvaoarlimited to cell culture.
Discovering the function of GDAP1 and understandisgmplications for neuropathy
may help make it possible to prevent or repair dgsa in CMT patients.

Thus, the main objective comprises 3 goals:
(1) Characterization of the@daplnull mice
(2) Consolidat&sdap1null mice as a CMT model
(3) Determine the function @DAP1and understand its implications for CMT disease
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1.- Mouse model characterization

A knockout mouse fo6dap1(GdapI”) was generated by genOway (Lyon, France; see
Materials&Methods for more details), deleting extnof murine Gdapl. Briefly,
embryonic 129sv stem cells were transfected wifR3-recombinase plasmid which
also contains a homologous region to the firstinfexons ofGdapland a neomycin
resistance gen&ecombined cells wertlen injected into blastocyts to create chimera
mice. Chimeras were crossed with Flp recombinapeessing C57BL/6J to remove the
Neo resistance cassette and generate a line obktgsed floxed miceGdapI’™ mice
were crossed with ubiquitous Cre deleter mice ttaiobconstitutiveGdapI’strains

(figure RO.
exon | I | I N [I II [I I:I
~ \1\ 2 —— \1\ 3- 4 5 6
~ - S =
i ATG 2~ -
e o] 'neo [
- loxP FRT FRT 1OXP
Gdap1 recombined /! 7
chimeras ar
/.7 Flp-mediated excission
1 / 7
ATG // 2
-
— | 4 |} r o
Gdap1*m* mice P T2 Breeding with CMV-Cre
S, S deleter mice
~ \\

Gdap1*- mice loxP

Figure RO. Generation of Gdapl”mice. Schematic representation @dapl” targeting strategy.
Diagram is not to scale. Hatched rectangles repteSdapl exons 1 to 6, solid line represents mouse
chromosome 1. FRT sites are represented by doudhgles and loxP sites are right-faced triangles.

GdapI’", Gdap1” andGdapI” mice were born as offspring &fdapI’~ breeding. All
three genotypes were born at expected Mendeliawsrdtad normal life span and were
fertile. Knockout GdapI”) mice pathology was compared with that of CMT eatts
and wild type GdapI’*) mice were used as controls.

1.1- Genetic and protein characterization

Genotyping was performed by PCR analysis of moes®mic DNA obtained from talil
biopsies. A PCR strategy allowed us to disting@stapI’*, Gdap1” andGdap1” by
identifying the deleted gene as a shorter ampliiextiuct(

FigureR1).

pb e 4~ A
3000
2000
1650

1000
850 Figure R1. Gdapl genotyping. PCR strategy 2 is able to

ss0 = D G differentiate GdapI’ (2500pb),GdapI” (550pb) andGdapl”
500 (both bands 2500 and 550pb).

1
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Protein expression g6DAP1 was characterized adultwild-typemouse tissue lysates
(Figure RJ). The epected band 7kDa) was only detected in brain, cerebell

medulla, spinal cord andorsal root gangliaTotal amount of loaded protein was |

enough to detect iBsxpression inciatic nerve. The othdissues tested wenegative to
GDAPL1 detection.

Heart
Lungs
Spleen
Kidneys
Pancreas
Small intes
Uterus+ova

Anterior Brain
Posterior Brain
Liver

Cerebellum
Cervical SC
Thoracic 5C
Lumbar 5C
DRG

Sciatic nerve
Quadriceps
Soleus + Gas
Testis

-

= W= L. ATPsynthase(59 Kda)
Actin (42KDa)
GDAP1 (37kDa)

R

Figure R2. GDAP1 expression inwild type adult mice. Protein expression study in neuronal and
neuronal tissues: anterior brain, posterior bregmebellum, medulla, cervical spinal cord, ticic spinal
cord, lumbar spinal cord,otsal root ganglia (DRG) sciatic nerve, quadriceps, sol&gastrocnemius,
heart, lungs, spleen, kidneys, liver, pancreas)lsntastine, testis, uter&ovarius. Actin was ud as a
housekeeping, ATBynthase as a tochondrial marker and anti-GDAP1 (Abnova) GDAP1 detectio!

Loss of GDAPL1 accordingn genotypavas confirmed by western blot of neuronal
nonneuronal tissue lysates fri GdapI’*, GdapI” and GdapI” littermate: (Figure
R3). In theseexperiments we loaded more amount of protein socadd detec
GDAP1 expression even in l-expression tissues such asasic nervis.Neuronal
tissues werepositive to GDAP1 expression ¢ protein expression decreased
Gdap1” when it wasompaed withGdap1™.

Brain Cerebellum  Spinal Cord
WT +- -- WT +- - +- -
Figure R3. GDAP1 expressionaccording on
genotype. Protein expression study e
neuronal and non neuronal tissues fi DRG Sciatic Nerve  Muscle
GdapI™ (WT), Gdapl” and Gdapl” e - WT #- -~ WT 4~ --
littermates.  B-tubulin was use as _I! I | eDAP1

housekeeping and ar®@bDAP1 from Abnove

for GDAP1 detection. _ ~|M B-tubulin

In order to confirnthe absence ' protein expressioim our mouse model we used th

different commercial antibodies against GD.. Here we show another example of

lack of GDAP1 inGdapI mice qzlgure RJ. In this casea different antibody weused
to test protein expressicin GdapI’™ and GdapI mice tissuesn comparison witt
neuroblastoma SIFY5Y cell line (Pla-Martin et al. 2013)n contras to the previous
antibody (from Abnova)for which the immunogenic sequeneas amino acid158 to

267, thissecond one (fromigma) covered amino acids 141 to 283.
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Figure R4. GDAP1 expression in

WT Gdap1* SH-SY5Y s oo .

- - Gdapl™ and Gdapl™ mice tissues.

T E Protein expression study iGdapT’*
J: 2 T2 & (WT) and GdapI™ mice tissues in

% k| % E 03 comparison witthuman neuroblioma

§ £ g2 3 § £ § T SH-SY5Y control and G4 cell lir
@ ®w 4 0 @ o @w o O (Pla-Martin et al. 201% Note that G4
- - - GDAP1 ( cell line is aGDAP1 knock-down cell

model in SHSY5Y cells. B-tubulin
f— s — _ was used as housekeeping and a-
” W funin GDAP1from Sigma  for  GDAPI

detection.

Gdapllexpression.

Gdapllis a paralogugeneof Gdapl(Marco et al. 2004)Murine GDAP1L1shows
58% of identitywith GDAP1 (88% covered), althought nucleotide lev: this similarity
(66%) just reaches 18%overe.. However, there is stith possibility that the paralogt
assumessdapl function (Niemann et al. 20J). To investigatehese phenome, we
also analyse@daplllexpressiorin neuronal mice tissudésom our mice mode

No differences were observed between WT GdapI” mice regardine Gdap1ll
expressionat RNA level detected by RT-PCRF{gure RY. We determned that
Gdaplllwas expressed mainly in br but not in DRG. Theane RNA samples we
used to confirm the expression Gdapl(Figure RY. Even thoughhere was a eak
band in spinal cord dbdap1”, it is so poor after all PCR cycles.

| WT | | 6Gdaprs |
-} -1
—_ | ..
Q Q
L% ] LW}
® =
= £ ¢ § £ u
m & o m & o

Figure R5. Gdaplll and Gdapl expression by RT-PCR
in Gdapl”* (WT) and Gdapl”™ mice tissues.Primers
design is described at Mates&Methods section. Gapdh,
was used as housekeeping gene.

Gdapiil
Gdapl

Gapdh
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1.2- Phenotypic characterization ofGdapl’ mice
CMT-relatedhallmarks

The clinical hallmarks of CMT include distal musaleékness and wasting, loss
proplioception and pinprick sensation and a classic&fpage gait with foo
deformities, such as pes planus or cavus. The fageset can vary from infancy to le
adulthood with clinical severity ranging from mild severe(Brennan et al. 201. The
severe recessive form GDAPI-related CMT starts early in infancy or childhoodtw
weakness and wasting of the feet followed by ingotent of the hands leading
pronounced disabilityPatients are usually wheelchair bound startiognfthe secon
decade of life(Sevilla et al. 200{ Based on that welecided tocompare motor
behaviour inGdapI” and WT mice at the early adult a

We started with thebservation of the miceto the cage ande detecte an abnormal
low position during locomotiolin knockout mice igure R6 left upper image).We
also noticed dragging tail in comparison with wiyghe animals Figure F6, left upper
imagey. Both hallmarks are indicors of distal muscles weakne@#&/iethdlter et al
1990). However, the penetrance was not complete and rothel knockout mice
presented the same phenot

Furthermorewe observed abnormal h-limb clasping reflex ir8 month-old Gdap1”
mice. When lifted by the tail, control miresponded normallygy extending their hin
limbs and body, buGdap-deficient mice flexed their legs to the trunk ghtiened the
back limbs to their bodieigure R6, left down imagksThis abnormal reflehas been
attributed tomotor deficits(Rogers et al. 2001).

In addition, severad month-old and oldeGdapI” micepresented pes planor cavus
in one or both of theinind limbs(Figure R6, right image

=

Figure R6. Representative images of control an
Gdapl” phenotype In the leftupper images we cz
compare the body position bbth genotyes mice while
they are walking; note th&dapldeficient mouse has

lower position of the body. In thieft down panel we
can compare the mice behaviounen they are hold b
the tail; note that control mice try to rely on me

structure with the hind limb while deficient mot
shrinks them. In the righinage we can see a 8 mon

old Gdap1” that show a pes cavus like phenotype in
right hind limb

Despite all these motaiterations GdapI™ mice hada normal lifespa, and no others
problems were detected in appeari and behaviour or breedingVeight difference:
were not significantuntil 16 month when GdapI~ mice became overweight i
comparison with wild typéFigure R).
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Figure R7. Line chart representing weight of wild ype (black squares) andGdapl” (white
triangles) mice. Average + SEM are shown. Note that no differencesewound since 2 to 16 months
old mice (t Test valué< 0.05).

Rota-rod analysis.

Skeletal muscle weakness is the underlying cauieeahajority of clinical problems in
people suffering CMT disease. Nowadays we know shahgth training may improve
functional performance. In a comparative studyigoés with CMT appeared to benefit
significantly from a strengthening program, wherpasients with myotonic muscular
dystrophy in the same study showed neither beméfivdor detrimental effects (El-
Abassi et al. 2014).

The rota-rod test was specifically designed for imgkautomated measurements of
neurological deficits in rodents, and is one of t@st commonly used tests to measure
motor function in mice (Brooks & Dunnett 2009). &woid learning results iGdapI”
mice, we decided to perform rota-rod test just anca life time by animal. Doing this
we obtained point-time results along age but weichvioe learning parameter after
several trials.

With the rota-rod test, we detected significantdguced latency to fall in 3 months-old
GdapI” mice. The persistence of this motor behaviour easirmed in oldeiGdap1
lacking mice, from 4 to 7 months of age, but becanwe variable and thus non-
significant after 9 months of ageifure R9.

Rota- Rod test

140
120 A

abrbekn

Age (months)

Latency to Fall (sec)

Figure R8. Column chart representing rota-rod score for wild type (black) and Gdapl” (white)
mice. Scores are represented as average = SEM of tifiedl wif the accelerating rota-rod. (n>35, t Test
valuet< 0.05;**<0.01).
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Due to the lack of total penetrance that we haeesl in our colony, we realized that
siblings from the same litter could present diffénghenotypes, so we chose a cohort of
more affectedsdapI” mice as an example of a severe affection of CMT stndied
their motor behaviour. In this case we followed #wolution at rota-rod performance
from the same mice over tim&igure R9. When compared to control miczdap”
animals always scored lower times of latency td, fatarting to be statistically
significant at 5 months old and continuing this anateficit up to 12 months.

Follow up Rota-Rod test

140 -
_ 120 -
3
» 100 -
& 80 -
o
o *
z 60 % —--WT
g 40 - *% *% *%*
E * * % * KO
20 -
0

3 4 5 6 7 8 9 10 11 12

Age (months)

Figure R9. Line chart representing follow up rotarod scores for wild type (black) andGdapl”
(white) mice. Scores are represented as average + SEM of tinfiglltoff the accelerating rota-rod.
Animals used in this experiment performed rotatest monthly (n=3 for wild type and n=6 fGdap1"
mice, t Test value< 0.05;**<0.01).

Balance beam and pole tests.

Balance beam test assesses mice’s ability to niaibgdance while traversing a narrow
beam to reach a safe platform. It was originallgigieed to assess motor deficits in
aged rats and has been proved to be equally usefislsessing motor coordination and
balance in young, injured and genetically alterecdeniBrooks & Dunnett 2009). Along
the same lines pole test can be used to analypei@reption defects.

As our previous data showed that at 5 months @ihpI mice presented rota-rod
deficits, we decided to perform these both testhiattime pointi{gure R10. We could
not detect any difference between knockout androbntice.

Balance beam test Pole test
60
3 T
5 5 40 1
23
o 2
£ .
=
0 T 1
flat 12mm Turn Around Climb Down

Figure R10. Column chart representing balance bearand pole test scores for wild type (black) and
Gdapl” (white) 5 months old mice.Scores are represented as average + SEM of tinceoss, turn

around or climb down. Animals used in this expenimenly performed the test once in a life timebat
months old (R5).
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Gait and fogprint analysi.

A more detailed analysis of motor coordination asyghchrony is provied by
examining gait during normal walkin(Brooks & Dunnett 2009)In order to bette
characterize motor phetype ofGdapI” mice we analysktheir gait behaviour at tt
age of 5 and 12 monthsiure R1).

| Smonthsod | | 12 months old \
¥ ] 5
. NRCLLTITT .>";
i ',,‘Q_ \ ‘:"-... A'
/ 4',3 /4 r\", h)‘
\ \ o
) % K,
e :.‘1.”
irlv Figure R11. Representative hind limb
o :',_-'4 ------- , walking track from a control (WT) and
L ._?1 Gdap1”(KO) mice at different age (5 ind
. ‘_-.-“’ g s 12 months old).Arrows illustrate the ga
o W & g G 3 | to better distinguish shorter stepsGdap1
‘ WT H KO | ‘ WT ” KO ‘ "animals. Note also ink smears pattern

to draggedvalking from CMT mice

A detailed morphometric analysis of the géTable R) revealed that at both tir-
points, GdapI” mice had shorter stride lengtand at 12 months we also detec
narrower stride anglerhose facts agree with muscle weakness and gjepgpait of
CMT patientdBrennan et al. 201.

We also detected an increase in stride width amb@ths;even though, aGdap1”
mice gain some weight with age we cannot corretate farameter with senso
impairment as it has been done in other stu(Wiethdlter et al. 1990)s long as thel
is a positive correlation betweenide width and weight.

Gait—print 5 months 12 months
Mean (SEM| p value Mean (SEM) p value

[Stride Widtt

WT 2,68 (0,08 0,682 2,77 (0,20) 0,016

Gdap:'/' 2,73 (0,08 3,43 (0,07

|Stride Length

WT 7,49 (0,13 0,043 7,25 (0,0%) 0,013

Gdap:” 6,70 (0,30 6,41 (0,26

|Stride Angle

WT 130 (2 0,196 132 (%) 0,014

Gdap:” 127 (1 112 (4

Table R1. Summary table of gai-print analysis parameters Mean = SEM from 5 control an5 of
Gdap1” mice are shownMeasurements are in centimetres apart from StridgleéAthatis expressed in
degrees. Student t test p valaesalso displayed.
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As we observed everted paws in some mutant aninvalgso analysed their footprints
(Table R). We detected a significant decrease of toe sprgadlues at 12 months in
GdapI” mice. As toe spreading correlates with the fumctid small foot muscles
innervated by the sciatic nerve (Wietholter et1®90), issues regarding sciatic nerve
were revealed.

We also detected an increase in plantar lengtBdapI” mice at 5 months old which
was more evident in 12 months old mice. Plantagtleincreases due to paresis of the
flexors of the ankle (Wiethdlter et al. 1990), whanimals walk on their calcaneal
bones which normally do not touch the ground.

Eootorint 5 months 12 months

P Mean (SEM} p value Mean (SEM) p value
|Plantar Length
WT 1,27 (0,01 0,029 1,20 (0,42) 0,000
Gdapi" 1,32 (0,01 1,38 (0,0R)
|Toe Spreadin
WT 0,90 (0,04 0,254 0,94 (0,41) 0,014
Gdapi 0,94 (0,04 0,89 (0,01
|Intermediate Toes
WT 0,53 (0,03 0,269 0,52 (0,02) 0,977
Gdap1’ 0,50 (0,02 0,52 (0,08)

Table R2. Summary table of footprint analysis paraneters. Mean £ SEM from 5 control and 5 of
GdapI” mice are shown. Measurements are in centimeStasent t test p values are also displayed.
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2.- Histological findings

2.1-Skeletal muscle histopatholog

Muscle abnormalities.

Effects of pathological and functional changesGDAP1 mutations causing CM
neuropathiesre related to the axonal length, so distal limtscles are wally the first
to be affectedSevilla et al. 200¢. The classical CMT phenotype includes distal lo
amyotrophy giving an aspect of “jambes de coqg’romaertedchampagne bottl(Tazir
et al. 2014).

Trying to find thesehumanhallmarks in micepresents several hindrances. First of
mice are quadrupeahimals instead of bipeds. Seconthuman nerves can measure
to 120cm, compared to tdecm of the mice (Bala et al. 201Meverthelesswe excised
and weighed larger distatuscles soleus&gastrocnemiuend quadriceps) looking fa
CMT phenotypan our mouse mod. The ratio ofmuscle mass (mg) divided lbody
mass (g) was calculated in ordeicontrol for the effect omouse weigt.

Strikingly, skeletal rmascle weigt ratio of GdapI™ mice didn't showany evidence of
muscle mass loss isoleu&gastrocnemius at any time point. Unlike at quadriceps
there was arncreased ratio itGdapI” mice at9 and 15 months ¢ (Figure R1).
Maybe in mouseinverted champagne bottle appearance is due tonamase it
quadriceps mass rather than a loss of gastrocnenass

Muscles weight
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Soleus&Castrocnemius Quadricep

Figure R12. Column chart showing big distal muscles weight alam age of wild type (black) and
Gdapl™” (white). Averageratio of musce weight (mg) and animal weight (&) SEM is represented.
Asterisks represent Studentest valu*< 0.05;**<0.01.

To better understand motor deficits previously dbsd, soleug&gastrocnemious
muscles were studieshicroscojically in more detail. Hematoxilyn&osin staining of
paraffin-embeddd muscle slice revealedmnclusions of connective tissiat 5 months of
age (

Figure R13). Resence of connective tissue these musclesould explain why
knockout mice didn’t skw evidences of muscle wasti
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Same images showed damaged muscle fibres with pgkmaeclear clumps and atrophic
rounded muscle fibres iBdapI” mice while this was less frequent in wild type aalsn
(Figure R13.

5 months 12 months

('»,ff o
s »ﬁ

~ v
ey
!::z‘?ém%?j .
Y v& .

b O

Gdap1 /-

Figure R13. Representative images of gastrocnemiasuscle from Gdap1*™* (WT) and Gdapl’ mice

at different age (5 and 12 months old)Hematoxilyn&Eosin staining of paraffined muscle tiamus.
Scale bars represents 200pm. Arrow marks connetisisge inclusion. Note the shape and colour change
in 12 months oldsdapI” muscle.

NMJ occupancy.

Distal skeletal muscle weakness is the underlyiagse of the majority of clinical
problems in CMT patients. The contractile activityskeletal muscle is regulated by
action potentials from motor neurons to muscleefbrTransmission occurs at a highly
specialized chemical synapse, the neuromusculatigum (NMJ) or motor endplate.
Accordingly, impairment of NMJ function results muscle weakness or paralysis
(Tintignac et al. 2015). Due to the tight corredatibetween synaptic activity and NMJ
morphology, a great deal of information can be gaiabout the functional status of
motor neurons from analysis of NMJ morphology (Muyret al. 2014). Based on that
we decided to study NMJ i@dapI” and WT mice at adult age.
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We selectedjastrocnemit as distal skeletal musdbecause its NMJ characteristics.
gastrocnemius is a ®ayed Synapsin (DeSyn) muscleNMJ maintenance depen
critically on nervederived factor (Pun et al. 2002NMJ were imaged labelling axo
and receptors in muscle fibreFigure R1). More than 100 NMJ weranalysed for
each genotypand age and no differences the total number of plates ere found
between knockout and wild type mice either at #2months ol(Figure F14).

Counted NMJ

60

igure  R14. : howing 30

type (black) and Gdapl”™ (white) 0
12

MNJ number

Figure R14. Bar chart showinc
number of NMJ counted in wild
mice along time. Average of NMJ
counted per animalx SEM are

represented (n=3). Age (months)

Labelled receptors in muscle fibres were similastimpe and distribution iGdapT’
andGdapI™ mice (Figure F15). Reduction in the complexity of the NMJ morpholc
as a mark of muscular plate dami(Murray et al. 2014) was nobserve.

In contrast, irregular labelled axon terminals wirend in knockout muscles. The
atypical axonends didn't take over the postsynaptic f (asterisk inFigure R15. In
order to quantifythese abnormaliti we classified NMJ into occupied arnon-
occupied accordintgp whether themuscular part of the plateas completel filled by
the axon terminal or ngsee Materiis&Methods for more details).

Figure R15.Representative confocal 3D rendering stack of imageof NMJs from the gastrocnemius
muscle of 12 months old miceAxons were immunostained with aiitl tubulin (3-111 tub, green) and
the postsynaptic acetgholine receptor was stained with damine-coupledi-bungarotoxin (AtR,

red). Denervated or nosecupiet NMJ are marked with asterisks. Note that in weoupiet NMJ, axon
doesn't take over the postsynaptic fc

WT

Gdap1”-
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Occupancy study revealew differences at 5 months old wher@ntrol mice sowed
completely occupied NMJ (99%z1%) as wellGdapI™ mice (92%+6%)In contrast,
NMJs from 12 monthsold wild type mice were fully occupied(98%+0%) the
percentage of occupancdn GdapI ™ muscle was significantly reduced (70%+1¢
(p<0.001) Eigure R1H.

NMJ occupancy

__ 100%

L 5% *kk

3

c  50%

3

3 2% Figure R16. Bar chart representing
o 0% percentage of occupied NMJ along mice ag

Average percentage + SEMr control mice are
showed in black and fagdap?” in white. (n=3,
Age (months) Student t Test p valug*< 0.001

5 12

Typical fragmented appearance as seen during Wallediegeneration upon net
transection or crust{Coleman & Freeman 201 was not detect. However, we
observed abnormal tangi&e structures anfocal swellingsnear to axo terminals of
12 months knockouwtnimals; that were not present in control midegure F17). This
feature,a swollen axonal segment with a protruding axomac@ss, was common
seen in retreating axofBishop et al. 200..

Figure R17. Confocal stack images of NMJ:
from the gastrocnemius muscle of 12 monttr
Gdapl” mice. Axons were immunostained wi
anti3-lll tubulin (B-lll tub, green) and th
postsynaptic acetydholine receptor was stain
with rhodaminecoupled  a-bungarotoxin
(AChR, red). Arrows mark abnormalities like
retraction bulb (left) and terminal tangle (rig
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2.2- Sciatic nerve studies

Electrophysiology abnormalities.

The observed defects in motor behaviour in micéitac GDAP1 prompted us to
further investigate their electrophysiological pedpes along the sciatic nerve.
Therefore, we measured the motor nerve conductsbocity (MNCV) and compound
motor action potential (CMAP).

In line with the absence of detectable behaviopin@notype, we were not able to detect
any electrophysiological differences betwe&aapI~ and WT mice at 2-months of age.
At 5 months, a reduction of MNCV was found in GDARtking mice that showed a
velocity of 37.5£0.8m/s in comparison with 40£0.8rof wild type (

Figure R18). Slight reductions in MNCV can be associateth wxonal neuropathies
(Sevilla et al. 2003) while more considerable rems are associated with
demyelinating neuropathies (Tazir et al. 2014).

MNCV
60
- *%
~ ~
3 40
3 Figure R18. Motor Nerve Conduction
= 20 Velocity measurement in wild type and
= Gdapl™ mice at 2 and 5 months oldAverage
0 velocity (*SEM) from wild type mice are
2 5 represented in black ai@dap” in white (r#4).
Asterisks are indicative of the t test p-values
Age (months) (**p<0.01).

In addition, we also studied the CMAP. The CMAPaisummated voltage response
from the individual muscle fibre action potentiaBeveral parameters were measured
from CMAP responses: latency, duration, amplitude area (Mallik & Weir 2005).
Interestingly, 5-monthsGdapI”™ mice revealed a significant reduction of CMAP
amplitude and area obtained for distal (at the g@nkind proximal (at the hip)
stimulation fFigure R19. Amplitude and area reflect the number and sizenoscle
fibres that ultimately fire. Lower values resultsrh loss of motor axons or neurons;
less often a NMJ disorder (Katirji et al. 2013).
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Figure R19. Compound Muscle Action Potential (CMAP)amplitude and are analysis in wild type
and Gdapl” mice at 2 and 5 months oldAverage amplitude and area (+SEM) from wild typiee are
represented in black ar@dapI” in white (r>4). Asterisks are indicative of the t test p-valugp<0.05;
**p <0.01).
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Duration was also altered in 5 montBdapI” mice. Proximal stimulated duration was
significantly increased in comparison with wild gmnimals flgure R20. CMAP
duration is primarily a measure of synchrony. Dioratincreases in conditions which
result in selective slowing of some motor fibresafiKi et al. 2013).

Duration

14 Figure R20. Compound Muscle
Action Potential (CMAP) duration
. analysis in wild type andGdap1’ mice
5 months
al

duration (ms)

at 2 and 5 months old. Average
duration (xSEM) from wild type mice
are represented in black aGdiapI” in
white (r>4). Asterisks are indicative of
the t test p-values (*p<0.05).

2 months 5 months | 2 months

distal proxim

Strikingly, 5 months old knockout animals also r@ed a significant reduction of
CMAP latency obtained for distal (at the ankle) gmdximal (at the hip) stimulation
(Figure R2). Latency includes three separate times: nervelwdion time from the
stimulus site to the NMJ, the time delay acrossNihv) and the depolarization time
across the muscle fibres (Katirji et al. 2013). Gfipg to our data, an increase in
latencies reflects the nerve conduction slowintheffastest fibres (Tankisi et al. 2012).

Latency

Figure R21. Compound Muscle
Action Potential (CMAP)

latency analysis in wild type 1 -
and Gdapl” mice at 2 and 5
months old. Average latency

. . O -

(xSEM) from wild type mice are

latency (ms)

represented in black ar@dapI” 2 months 5 months 2 months 5 months ‘
in white (r»4). Asterisks are
indicative of the t test p-values distal ‘ proximal ‘

(*p<0.05;**p<0.01).

Morphometric analysis.

Generally, myelinated nerve fibres suffer fromfefiént degrees of atrophy with age.
Analysis of the myelinated nerve fibres of the 8ciaerve pointed to the significant
atrophy and loss of large myelinated nerve fibrégh age. An increase in the number of
small nerve fibres with a thinner myelin sheath migoint to the regeneration of nerve
fibres during the aging process (Ugrertoei al. 2015). Specifically, in CMT caused by
mutations of GDAPJL, sural nerve biopsy reveals axonal atrophy, alesericonion
bulbs, axonal loss and absence of demyelinatecedil{Sevilla et al. 2003). To
investigate if these features found in CMT patiemtse present in our mouse model
sciatic nerve from 5 month old mice were dissected.
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Semithin sections didn't reveany marked loss of myelinated fibres the presence of
onion bulbs or other anomaly. Ultrathin sectionsreveisd in order to better

WT

Gdap1

Figure R22. Reprenttive ultrathin sections of Wild type ancGdapl™ sciatic nerve from 5 month
old mice.Scalebars represented 20, 2 and 0.5 respectively.

Ultrathin sections imageallowed u: to calculate myelinated fibre density in proxir
and distal sciatic nerve. Density of myelinatedes was lower in distal part (Gdap1”

sciatic nerve at 5 months (in comparison with control micé-gure F23). In GDAPX:

CMT patients, axonal neuropathy is associated Wwds of xons in sural nerve
biopsies (Sevilla et al.aD8..

Myelinated fibre density
**%

30.000 - A
E Figure R23. Myelinated fibre density
= 20.000 - quantification from 5 month old mice.
3 Average density (+SEM) of wild type mic
E are represented in black arGdapIl” in
f, 10.000 - white. Values for proximal and distal part
5 sciatic nerveare represented. Asterisks .
(= indicative of student t test valuesgest
0 (**p<0.01). More than 1100 axons we

proximal distal counted for each condition (n=

Same ultrathin sectionsvere used to measure g-ratio amcon diameter. Bot

parametergsemain significant tols for the analysis of the myelinated nefibres in

“healthy” peripheral nerves as well as iiifferent types of neuropathi. Rushton in
1951 correlated axon and myelin sheet diameter-ratio. Value of 0. seems to be
optimal for the conduain velocity of nerve impulse@Jgrenovt et al. 201E.
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Lacking GDAP1 mice had not affected g-ratio, neithre proximal nor distal part of
sciatic nervet@ble RJ. Measures for both part of the nerve were sinalad close to
the optimal value.

g-ratio S Distal Table R3. g-ratio quantification from 5 month old

Wild type 0,68 (+0,01) 0,65 (+0,01) yice sciatic nerve fibres Average g-ratio (+SEM) of
GdapI/' 0,68 (10,01) 0,63 (10,01) wild type and Gdapl" mice are shown. Data for

proximal and distal part of sciatic nerve are
P value 0,883 0,300 represented. Student's t test p-values are exgnsdjl

Studying myelinated fibres size revealed no diffiees in the average of axon diameter
at 5 months old micer@bleR4). Average diameter was around 3um for both types
either in proximal as in distal part of sciatic ver

Table R4. Myelinated fibre axon diameter Axon size  Proximal Distal
guantification from 5 month old mice. Average

diameter (+SEM) of wild type anGdapI” mice are Wild Type 3,18 (0,14) 3,00 (+0,10)

shown. Data for proximal and distal part of sciati(GdapI/' 3,19 (x0,14) 3,12 (£0,04)
nerve are represented. Student's t test p-values P value 0.791 0.286
exposed (n=4) : :

Nevertheless, we analysed myelinated fibre siziloligion and detected higher density
of large axons in distal nerve fro@dapI” mice (igure R2). Deficient GDAP1 mice
also showed lower density of axons of 2um diamélerfibres larger than 9um were
found, yet both genotypes displayed a populationasfy small myelinated fibres (1-
3um).

Myelinated fibre size distribution

12000 -~
A
“‘g 10000 -
~ 8000 -
2
£ 6000 -
2
o 4000 - ";1* #1*
o)
= 2000 A
0 .
01 2 3 45 6 7 8 9 0 1 2 3 4 5 6 7 8 9
. Axon diameter (um) .
Proximal Distal

Figure R24. Axon diameter distribution of myelinated fibre from 5 month old mice. Average density
(+SEM) for each diameter is shown. Wild type isremented in black bars, a@dlapI” mice density in
white. Data for proximal and distal part of sciatierve are represented. Asterisks are indicative of
Student's t test p-values (*p<0.01,**p<0.01, n=4).

Since GDAPL1 is a mitochondrial protein (Pedrolalet2005; Niemann et al. 2005)we
were also interested to perform the characterimadfcthis organelle inside sciatic nerve
fibres. Shape, morphology and localization was lsimbetween knockout and control
mice at 5 months old-(gure R2).



Results | 73

Surprisingly, when we analysed the number of mitochia at proximal and distal
sections of sciatic nerve, a higher number of nhitmciria were counted in knockout
animals at 5 months oldrigure R2).Even so, with this parameter we cannot affirm a
higher number of mitochondria. It could be possibig longer mitochondria in sciatic
nerve axons cause a higher number of mitochondeelions in electron microscopy
slices.

Number of mitochondria in myelinated fibres Figure R25. Number of

- li*il '_*_*_‘ mitochondria in  myelinated
fibres. Average number (xSEM)
1 from wild type mice are
represented in black ar@dapI”
in white. Values for proximal and
distal part of sciatic nerve are
represented. Asterisks are
indicative of Student's t test p-

SR values (**p<0.01, ***p<0.001,
n=4).

o B N W b~ O

mitochondria number

proximal distal

Mitochondrial DNA content.

To distinguish between the increment in number wdchondria or the increase in their
size, mtDNA/nuclear DNA ratio is used. Increasedochiondrial/nuclear DNA ratio is
associated with increased mitochondrial biogenesich could contribute to further
oxidative stress leading to damaged mtDNA, mitochiah dysfunction and oxidative
damage (Malik & Czajka 2013).

Similar mitochondrial DNA copy number -normalizeviding by nuclear DNA copy
number- was found in sciatic nerve of both WT &uthpI™ mice (

Figure R26). Since no difference in mitochondriagenesis was observed we reasoned
that increase of the number of mitochondria wit@dapI™ mice axons represent
elongated mitochondria-({gure R2).

9t - mtDNA copy number

20 -
Figure R26. Quantification of mitochondrial %

DNA copy number by real-time PCR <215 -
(16S/ANG1) in sciatic nerve samples from 5
month old mice. Average *SE of a mix of 3 Elo 7
Sciatic nerve by genotype. Wild type data a §
shown in black bar an@&dapI mice results in

white. 0 -

num

(]
I

Sciatic nerve
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2.3-Histopathology of Spinal Corc

Motor neuron.

On account of thelenervatio observed at neuromuscular plates, wer¢ interested in
studyingthe soma of these motor neurons axons. a motor neurons (MN) that ser
their axons to voluntary muscles have their sin theRedex lamina IX in thiventral
horn of the spinal cord. Specifically, MNs that troh legs muscles contraction ha
their soma in the ventral horn of lumbar spinal (Stifani 2014).

In agreement with loss g@iroperly occupie NMJ, we found alterations in MNs locat
in Redex lamina IX of ventral horn of lumbar spimalrd. A simple glanc at Nissl
stained paraffin embedd slice (Figure R2), indicatedabnormalities imtMNs. While
wild type aMNs had a "healthy" appearanGdapI” aMNs were pyknotic, withot
visible nucleolusMoreover, some neuronrom 12 months CMT mickac vacuoles.

| WT | Gdapt* |
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Figure R;2'7.'Representative imagés: of lumbar spinal 'c.ord'fron'Golapl”+ (WT) and Gdapl'/’ mice at
different age (5 and 12 months old)Nissl staining of paraffined spinal cord sectiofgale bar:
represents 100pum and 20pum.

With the aim of quantify th abnormalities, healthy appearand®s were countec
Less numbeof "healthy” MNswas found inGdapI” mice at 5 and 12 months of a
However, while in control mice the number of hepliNs per section underwent
progressive reduction over time-months vs 1Znonths WT animals, -value<0.05),
this process is enhanced GdapI” mice as indicated by the slopes of neuron

between 2 and Bonths GdapI™: 0.71 versus WT: 0.333). By contrast, slopes v
equal between 5 and I@enths, which suggeshat loss of neurons occurs early in

first months of life in th&dap:-null mice Figure R2§.

Healthy motorneuron
; +*

*%k

*k

— Figure R28 Number of "healthy"
p.v.v.1 MNs in anterior horn per section in
lumbar spinal cord. Average number
(xSEM) from wild type mice ar
represented in black anGdapl” in
white. Asterisks are indicative
Student's test [-values (*p<0.05;
**p<0.01, **p<0.001).
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Due to the histopathological features found in apioord, we were interested in
investigate possible altered pathways in orderxgagn MNs pyknosis and vacuoles.
Morphologically, apoptotic cells are characterizgdthe following classical changes:
cell shrinkage, pyknosis, karyorrhexis, and theniation of apoptotic bodies. As potent
regulators of the intrinsic apoptotic machinery,|-Bdamily members, such as anti-
apoptotic Bcl-2/Bcl-xL and pro-apoptotic Bax, carcleestrate the procedure of cell
death (Wu et al. 2015).

By western blot we checked expression of principad-apoptotic (Bax) and anti-

apoptotic (Bcl2) proteins in lumbar spinal corddies at three time points of both
genotypes. Higure R29Y. Surprisingly, GdapI~ mice presented increased of pro-
apoptotic Bax at younger age (2 and 5, only sigaift at 2 months old). By contrast, in
older age, 12 months old, CMT mice showed increassidapoptotic Bcl2.

Lack of GDAP1 has been related with increase oflatke stress (Noack et al. 2012).
In order to better understand oxidative stress a®uded on determining catalase
expression, the major hydrogen peroxide reducizgree.

Westerns blot revealed an increased expressioatalase in youngesdapl™ animals
(Figure R29. Western blot at 12 months couldn't be performed.

6,0 *
515 | l
5,0

2,0 -

* * W Catalase

1,5 -
W Bax

ratio KO/WT

1,0 —

05 - mBcl2

0,0 -
2 5 12

Age (months)

Figure R29. Oxidative-stress and apoptosis quantifation in spinal cord along ageQuantification of
western blot detection of Catalase, Bax and Bcidtein expression in wild type ar@dapI” (KO)
spinal cord. Average ratio KO/WT is representedteAsks are indicative of Student's t-test p-values
(*p<0.05, #3).
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2.4-Histopathology of Dorsal Root Gangli

Sensory neuron.

Mild to severe sensoigss s observed iIGDAPX-CMT patients; particularity affectin
to proprioceptionyibratior and touch{Baxter et al. 2002; Cuesta et al. 2002; Seuvill
al. 2003). We chos®orsal Root GangliegdDRG) to identify sensory defects in o
mouse model.

Paraffin-embeddesdections of DRIs from 5 and 12 nmdhs old mice weranalysed and
compared between wild type aGdapI” mice. No abnormalitiesomparecto control
tissues were found I@MT mouse mod: even in old animalsiure R3(). Appearance
and distribution of sensory neurons dishow any sympto of damage

| Gdap1* |

ages of DRGs frorGdapl™”* (WT) Gdapl” mice at different age
(5 and 12 months old)Haematoxyli-Eosin staining of paraffined DRG sections. Scales bapresent
100pm and 20pm.
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3.-Pathogenicmechanisns

3.1-Adult Dorsal Root Ganglia (DRG) primary cultures

Mitochondria distribution inside neurit.

As a neurodegenerative disease, we were inted in having a adul primary cell
culturemodel in order to study seve CMT hallmarksassociated witlageing. Dorsal
Root Ganglia (DRG) primary culture has been widedgd inneuraldiseases due to i
easy dissection andaintenanceAlthough histology of DRG somas ( not reveal any
abnormality inour mouse model, sensoloss has beembserved iNnGDAPX:CMT

patients(Baxter et al. 2002; Cuesta et al. 2002; SevillaleR003. Dissociated DRG
cultures allows us tetudythe grown of their processes in culture.

As GDAP1 is a mitochondrial prote (Pedrola et al. 2005; Niemann et al. 2(, our
first attempt consistedf detecting defectsn mitochondrial size or patte, as was
reported previously iIGDAPI knock-down SH-SY5Y cell line (Plitartin et al. 2015

We tried differentechnique to label mitochonda (immunodetection ccytochromec,

complex V of therespiratory chain and Tom20, aMitotracker dye)out none of ther
gave us thespecificity for axonal neuritewe requiredlIn adult mice (5 and 7 mont|
old mice DRG cultures are shownfigure R31) neurites formea net between neurc

after 5 days "in vitro" (div and it was very difficult to distinguisiitochondria fron
neurons from thoseitochondria coming frol non-neuronal cells ahe culture Also

neurites from neighboimg neurons build up a network which makesmpossible to
follow a single process.

| 5 months | 7 months

. s .
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’
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Figure R31. Neuron (Btubulinlll in red) and mitochondria (C ytochrome C in green) labelling in
DRG culture from 5 and 7 month old mice Representative images for mitochondria charactéoizan
the DRG culture 5divRed channelpfubulinlil) and green channel ytochome C) are showed

smaller images. Merge of both channels plus DARIb{ue), for nuclei labelling, is showed larger
images. 50um are represented in all scale
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Neuron morphology.

While we were trying to characterize mitochondma DRG neurons in culture we
noticed thatGdapI” neurons seemed to have fewer neurites than theot@mes. In
order to test this hypothesis we performed thisntjfieation counting the number of
processes that were outgrowing from DRG somas féomnd 7 months old mice
cultures. However, no difference was found betwe#d type andGdap1™ cultures,
either at 5 or 7 months old miceifure R3).

Number of neurites

Figure R32. Number of primary neurites
14 quantification in DRG culture from 5
and 7 month old mice.Average number
(xSEM) of wild type mice cultures (5div)

are represented in black ar@dapl” in
5 months 7 months white.

number of primary
processes

Soma area.

When we started to study DRG's cells in cultureals® noticed thaGdap1™ neurons
seemed to be smaller than the control ones. As teiflects can produce neurite
retraction and soma atrophy (Zhu et al. 2007) wéopmed area quantification of soma
in DRGs cultures from 5 and 7 months old mice. Weld conclude that lack @ddapl
produce neurons with smaller somag(ire R33.

Soma area
500 -
*k
400 - ' I
Figure R33. Soma area quantification g 300
in DRG culture from 5 and 7 month old S 500 -
mice. Average area (+SEM) of wild type &
mice cultures are represented in black a 100 -
Gdapl” in white. Asterisks are
representing the Student's t test p-valu 0 I

(*<0.05; **<0.01; ***<0.001).
5 months 7 months
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Neurite length.

As in 5div cultures we observed smaller som&itapI” cultures, we were interested
in measure neurite length in order to check whetiisrwas reduced due to the lack of
Gdapl To analyse neurite length we worked with 1divtunds, so we could follow a

single process. Measurements were performed inviags, calculating the average
length of the three longest neurites per neuronadswl counting only the longest one.

Shorter neurites were found BdapI” neurons in comparison with wild type ones
using both methodsF{gure R3). Growing defects or toxics effects can produce
neurite retraction (Zhu et al. 2007).

Neurite length

300 ~
* *

Figure R34. Neurite length

[ I | I

200 -
quantification in DRG culture from 5
month old mice. Average length (zSEM)

100 - of wild type mice cultures are represented
in black and GdapI” in white. Three
longest neurites and only the longest one

0 were measured. Asterisks are representing

the Student's t test p values (*<0.05).

length(um)

3 longests longest

Microtubule stability.

Remodelling of the microtubule cytoskeleton is atiaé to successfully complete all
the different stages of neuronal development. Midroles can provide tracks for
intracellular transport, set up local cues to posibrganelles, act as signalling devices
or generate cellular forces (Kapitein & Hoogenraadb).

Acetylation of a-tubulin or enzymatic removal of its C-terminal dgme residue
(detyrosination) gradually occurs in the microtwopblymer and is therefore found in
long-lived, stable microtubules, i.e., microtubweh a low turnover that undergo few
catastrophic events (Witte et al. 2008). Moreow@tpchondria are mainly transported
along microtubules consisting of polymerized tubullherefore, we first decided to
study acetylation od-tubulin, as this process is considered to be agmtion signal for
the anchoring of molecular motors and decreaseeldenf acetylatedi-tubulin have
been associated with neurodegenerative diseasédeidalle et al. 2011).

Using DRG primary cultures at 1div from 5 monthd olice we observed a decrease in
the fluorescence of acetylateetubulin in neurons lackinGdapl(Figure R3), which
was confirmed by fluorescence quantification of théongest and the longest neurite
(Figure R39.
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Figure R35. Representative image of cytoskeletonstability of DRG cultures from 5 months old
animals. Acetylateda-tubulin (in green) and IIB-tubulin (as neuron marker in red) labelling in DI
culture 1 DIV. Green and red chans are shown independently. In additiomerge of both channels pl
DAPI (in blue), for nuclei labelling, is also shed:Scale bars represents 50um.

Acetylated tubulin in DRG neurites

4000
L * Figure R36. Acetylated a-tubulin

[ — quantification in DRG culture from 5
month  old mice. Average of
fluorescence/ length (xSEM) of wi

2000 type mice cultures are represented

black and GdapI” in white. Three

1000 longest neurites and only the longest

were measured. Asterisks are
0 representing th&tudent's t test p vall
(*<0.05; **<0.01; ***<0.001).

3000

Fluorescence/length

3 longest longest

In addition, we also studied tyrosinatet-tubulin (Figure R3). No significant
differences between wild type aiGdapI” neurons wer@bserved in tyrosinated-
tubulin (Figure R39 but there was a trend towards an incre(p value: 0.09 and 0.13
for 3 longest and the longest neuron)GdapI™ cultures. Presence of tyrosinate-
tubulin in microtubules that has not yet undergaletyrosinatio dences a recent
assembly, that jstyrosinateda-tubulin is found in dynamic microtubules with a i
turnover(Witte et al. 200¢.
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Gdap1”

Figure R37. Representative image of cytoskeletonstability of DRG cultures from 5 months old
animals. Tyrosinateda-tubulin (in green) and lIB-tubulin (as neuron marker, in red) labelling in DI
culture 1 DIV. Green and red channels are shown independin addition merge of both channels pl
DAPI (in blue), for nuclei labelling, is also shed:Scale bars represents 50pum.

Tyrosinated tubulin in DRG neurites

Figure R38. Tyrosinated a-tubulin 4000
quantification in DRG culture from 5
month  old mice. Average ol

_ 3000
fluorescence/ length (xSEM) of wi
type mice cultures are represented 2000
black and GdapI” in white. Three
longest neurites and only the long
one were measuredAsterisks are 1000
representing th&tudent's t test p vall 0

(*<0.05; **<0.01; ***<0.001).

Fluorescence/length

3 longest longest
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3.2- Poshatal DRG and SCG primary cultures

Working with postnatal cultures allo us to use new techniques, sashmicroinjectio
(Gilley & Coleman 201(, in order to better understand GDAP1 func.
Microinjection of mitochondrial markers in sevenmaurons allowed us to label
mitochondria along neurites only selectedneurons from total culted cells {igure
R39. This technique avoids labellirnon-neuronal mitochondrianc also permits to
follow a singleneurite to its end without hing a complicated net. Studying labell
mitochondria during a period of tingive useful parameters as percentage of mo
organelle or velocity of movemei(Andrews et al. 2010; Gilley et al. 20: (figure
R40).

All this work was done under Dr Colen’s supervisionin The Babraham Institu
(Cambridge, UK) were microinjection aimaging of SCG weralready set u|(Gilley

& Coleman 2010).We comparetwo distinct types of neurons: DRG (periphe
sensitive, affected i€MT) and SCG (sympathetic, r-affected in CM" but frequently
used in the Coleman group because of their suitglidr microinjectior). Primary
culture of both tissues were obted fom same animals and maintained in culture
these experimentddicroinjection of DRG was done at 4div and SCG div6In both
cases, imaging was done the day after microinjecData from wild typeGdapI™ and
GdapI” rescued cultures are presed below.

Figure R39. Microinjection

of mitochondrial markers in

SCG culture. Both images
show same field. Ireft image
we observe all neurons and

neurites irbright field. In right
image we observe m-DsRed
expression only in
microinjected neuron and i
neurites.

anterograde

retrograde

Figure R40. Representation of
mitochondrial movement study ir
cultured sensory neuron.
Representative images of WT &
GdapI” microinjected DRGeuron:
(@) Representative straightene
neurite (b) kymograph (timdistance
graph) of mitochondria transp;
static organelles appears as vert
bars while moving velocitie
correspond to horizontal bars slo
(c) Moving mitochondria from thi
kymograph identified using Imag
plugin ‘Difference tracker(Andrews
et al. 2010) were slopes ar
calculatedSoma reference is draw
top.
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Mitochondrial movement.

First we analysed the percentage of moving mitodhanin both cultures. DRG
neurites presented a trend but non-significant afpey 0.08) towards and increased
percentage of moving mitochondridag(ire R41, left grapy There was no changes in
mitochondrial moving inside neurites from SCG crggiigure R4 right grapl).

percentage of moving percentage of moving
mitochondria in DRG mitochondria in SCG
80% 1 0.08
| — |

60% -

40% -

20% -

percentage (moving/total)

0% -

Figure R41. Percentage of total moving mitochondrian both DRG (left graph) and SCG cultures
(right graph). The percentage was obtain by counting the numbercaing mitochondria divide by the
total number of mitochondria (static + moving). ekage percentage (xSEM) of wild type cultures are
represented in black ai@dapI” data in white.

Other parameter to take into account was the nuwib@oving mitochondria in 100pum
in one second. This parameter is different from becentage; the mitochondria that
were moving were counted but not the stationargdA@drews et al. 2010).

When we studied the number of mitochondria that@dow 100um in one second, we
observed a statistically non-significant trend gue 0.06) to increased retrogradely
moving mitochondria in DRG cultures Gdap” animals Figure R47left graph). No
differences were found in SCG neurohgy(ire R42right grapl).

In addition, we could observe what happens whenreseuedGdapI” cultures by
microinjection with a plasmid containing wild tygdapl(Pedrola et al. 2008). When
we rescued the deficient culture with GDAP1, wenidwa decrease in the retrograde
moving mitochondria in both, DRG and SCG neuritest twvas not observed in the
anterograde movemeritiure R42, grey bjr

moving mitochondria in DRG moving mitochondria in SCG
@ *
Q@ 1,4 4
E 12 - M
3
g M- 0.06 *
: 0,8 - - M
< n
v 0,6 A
2
€ 04 A
202
3 0,0 -
E total retrograde anterograde total retrograde anterograde

Figure R42. Number of moving mitochondria in 100umper second in both DRG (left graph) and
SCG cultures (right graph). Wild type data are represented in blaGdapI” in white and rescued
(microinjection of GDAP1-Wild type plasmid i@dapI” neurons) in grey. Asterisks are representing the
p-values of proper statistic test (*<0.05; **<0.0%*<0.001).
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With the same cultures, we were interested to iy in detail velocities of moving
mitochondria. We studied two parameters, averadeciky and maximum velocity
(Andrews et al. 2010).

Lack of GDAP1 did not affect to DRG neurons butdueced slower mitochondria in
null mice SCG cultures when we analysed averagedsfgegure R4J. In contrast, the
rescue by reinsertion of GDAP1 in null mice neuramzeased the velocity in DRG
cultures but not in SCG. This increase was onlgniterograde directior-{gure R43,
gray baj.
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Figure R43.Average speed in both DRG (left graph)rad SCG cultures (right graph). Wild type data
are represented in blac&dap1” in white and rescued (microinjection of GDAP1-wiighe plasmid in
GdapI” neurons) in grey. Asterisks are representing thelpes of proper statistic test (*<0.05;
**<(0.01; ***<0.001).

In agreement, DRG neurons did not seem to be affeathile SCG neurons from
GdapIcultures had a decreased maximum speed in compauisio wild type cultures
(Figure R4J. Also in concordance, rescued neurons by GDARdression increased
the mitochondrial maximum velocity in DRG cultuiasanterograde direction while the
rescue has no effect in SCG celisy(uire R44, gray bjr
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Figure R44. Maximum speed in both DRG (left graph)and SCG cultures (right graph). Wild type
data are represented in blaGdapI” in white and rescued (microinjection of GDAP1-wijghe plasmid
in GdapI” neurons) in grey. Asterisks are representing thelpes of proper statistic test (*<0.05;
**<(0.01; ***<0.001).
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Mitochondrial size.

As GDAP1 has been linked with mitochondria fusion &ission events (Niemann et al.
2005; Pedrola et al. 2008; Burté et al. 2014), sizenoving mitochondria was also an
interesting parameter to study. The images fronochibndrial movement experiments
in postnatal DRG and SCG cultures were also usethapacterize moving and static
mitochondria size.

Retrogradely moving mitochondria fromdapl" DRG cultures were longer than wild
type ones Kigure R45, left graph Interestingly, rescue of deficient cultures with
GDAP1 caused shorter mitochondria moving in bo#trograde and anterograde
direction Figure R45, left graph, gray bar)

In contrast, SCG's moving mitochondria showed assitzally non-significant trend to
be shorter in GdapI™ neurons (p value 0.07). Expressing GDAP1 in SCGures
produced no effect in the size of these moving chibmdria Figure R45, right graph

moving mitochondria size DRG moving mitochondria size SCG
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Figure R45. Moving mitochondria size in both DRG (ft graph) and SCG cultures (right graph).
Wild type data are represented in blaGdapI” in white and rescued microinjection of GDAP1-wild
type plasmid inGdapI™ neurons) in grey. Asterisks are representing thalpes of proper statistic test
(*<0.05; **<0.01; ***<0.001).

In addition, we have also studied size of statitoofiondria. DRG cultures did not
reveal any difference between wild type and deficmice culturesKigure R46, left
graph). On the other hand, in SCG cultured neuronsicstaitochondria were longer in
deficient mice cultures that in wild typeiQure R46, right graph)

static mitochondria size in DRG static mitochondria size in SCG
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mitochondria size (um)
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Figure R46. Static mitochondria size in both DRG @ft graph) and SCG cultures (right graph).
Wild type data are represented in black &@uhp1” in white. Asterisks are representing the p-valfes
proper statistic test (*<0.05; **<0.01; ***<0.001).
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Effect of GDAP1 mutatios in DRG primary cultures.
As we had alreadgtudiedeffects of the lack ofcdaplin postnatalDRG cultures
(previous data)we were also interested in studying effectsGDAPI-CMT patient
mutations in similarculture:. To investigate the effect of seveit@DAP]1 missense
mutations figure R4) we use sitedirected mutated cDNAs previously developet
our laboratory (Padla et al. 2008; P-Martin et al. 2013)Wild type (cDNA) GDAP1
was also used in order study the effect of overexpressiowlien it was microinjecte
in wild type neurons)and rescue(when it was microinjected itGdapI” neuron
cultures) in compariso with mutation effec. All plasmids were sent tBabraham
Institute (Cambridge, UK)where maxiprep and sequencingerev done prior to
microinjectionto confirm th¢ point mutations.

Dominant
mutations:

T157P

Recessive
mutations:

Figure R47. GDAP1 missense mutations studd in this
work. Used GDAP1 dominant and recessive misse
mutations and its localizatiomlong the protel (Adapted from

Estela et al. 2011). ° GST-Nt  a-loop GST-Ct  TMD

R]_ZOQR].ZOW

R161H

Next, we show results three parameters comparitige effects ofmutations in
postnatalDRG cultures: numir of moving mitochondria in 1Q0m, maximum spee
and moving mitochondria si:

The first parameter,umber of moving mitochondria in 100um pie secon, was not
significantly altered byoverexpression 0iGDAP1 or missens mutations, either
dominant or recessiyé wild type neuror (Figure R48, left gragh

In contrast, inGdapI” DRG cultures the only mutation that wastrable to cause ar
effect wasGDAP1 pR120C (Figure RA48, right graph, red barApart from this.
GDAPZLwildtype (+GDAPL in graph, gray b) and all rest of missense mutati
altered the number aohoving mtochondria. Rescue wit@ DAPLwildtype decreased
retrogradely movingnitochondia to wild type levels irGdapI” cultures(black lind.
A decrease was also caused by introduGDAP1 pT157P and R161H mutatior;
pT157P expressionp(rple ba) caused a decrease imoving mitochondria in bot
directions while pR161Horange bgrexpression only affected retrograde moven
Finally, an increase imanterogradly moving mitochondria was found when
expresse@DAP1pR120W (blue ba).

moving mitochondriain WT neurons moving mitochondriain KO neurons
*kk
g 121 2
5 —kkk
S 10 4 *
‘;‘ B WT control r‘tl O KO control
£ 58 -
e ®WT+GDAP1 @ KO+GDAP1
©
5 B WT+R120W O KO+R120W
<
§ B WT+R120Q ‘[‘ @ KO+R120Q
qu BWT+T157P ] O KO+T157P
£ B WT+R161H {Th O KO+R161H
[o]
£
retrograde anterograde retrograde anterograde

Figure R48. Number of moving mitochondria in 100um per secondni both Wild Type (left graph)
and Gdapl” DRG cultures (right graph) when severalGDAP1 missensamutations were expressed.
Each column colour represents microinjection oid type or missense construct according to labe
wild type (WT) orGdap1” (KO) neurons Black lines are marking control wild type valt Asterisks are
representing the palues of proper statistic test (*<0.05; **<0.0%1*<0.001).
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To investigate mitochondrial velocity we only shomaximum speed although as we
observed the same behaviour on average speedldrype neuronsKigure R49, left
grapf) maximum speed was only affected GYDAP1 overexpressions(uared black-
gray ba), increased values were found in retrograde mowendissense constructs did
not induce any effect.

By contrast, rescue@dapI neurons presented an increase in anterograde mitdda
velocity (Figure R49, right graph, gray batin addition, GDAP1pR161H (range bar
mutation induced a change, decreasing retrogradeityein GdapI™ cultures. The rest
of mutations didn't have any effect on maximum dpe& moving mitochondria.

Maximum speed in WT neurons Maximum speed in KO neurons
10 | .
7":_*‘

—g B WT control O KO control
% W WT+GDAP1 ‘I‘ B KO+GDAP1
< B WT+R120W 1 L = O KO+R120W
g_ B WT+R120Q T I O KO+R120Q
s B WT+T157P E KO+T157P

@ WT+R161H {—‘ O KO+R161H

retrograde anterograde retrograde anterograde

Figure R49. Maximum speed in both Wild Type (left)and Gdapl” DRG cultures (right) when
several GDAPL1 mutations were expressedeach column colour represents microinjection ofdvifpe
or missense construct according to labels in wiftet(WT) orGdapI” (KO) neurons. Black lines are
marking control wild type values. Asterisks areresenting the p-values of proper statistic testO(®5;
**<0.01; ***<0.001).

Similarly to previous parameters, moving mitochoadsize was not affected by
expression of missense mutations neither by oveesspn oflGDAP1 (squared black-
gray bar Figure R50, left graph

Rescuedsdapl” neurons showed shorter moving mitochondria thaitiéet neurons

in both directions dray bar, Figure R50, right graphiThe values of rescued neurons
were close to wild type value$lfck ling. In addition, missense recessive mutation
GDAP1p.R161H ¢range bgrcaused shorter moving mitochondria in both dicer,
similar to recued neurons. Dominant mutateBPAP1p.R120W [Hlue ba) led also to
shorter moving mitochondria but only in anterogradection. Nevertheless, recessive
mutation GDAP1 p.R120Q (ed ba) caused shorter moving mitochondria only in
retrograde direction. On the other hand, expressi@@DAP1p.T157P furple ba) had

no effect on moving mitochondria size.
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size moving mitochondria in Wild Type cultures size moving mitochondria in Gdap1/- cultures
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Figure R50. Moving mitochondria size in both Wild Type (left graph) and Gdapl” DRG cultures
(right graph) when several GDAP1 mutations were expressedEach column colour represents
microinjection of wild type or missense construct@rding to labels in wild type (WT) @dap1” (KO)
neurons. Black lines are marking control wild tygpedues. Asterisks are representing the p-values of
proper statistic test (*<0.05; **<0.01; ***<0.001)

Taking together all the parameters we detectectréifit profiles depending on DRG
genotype GdapI”* or GdapI") and also on mutation.

In wild type neuronsGDAP1 mutations had no effect on mitochondria in motion,
velocity and mitochondria sizéaple RY. Neither dominants mutations.

In contrast, overdose @bDAP1 caused a trend (p value 0.082) to decrease moving
mitochondria (it on the table Rb Excess ofDAP1lalso increased retrograde velocity
and decreased anterograde size of those mitoclaoimdmotion (vt on the table Rp

Our results agree with previous data (Niemann.2Q05; Pedrola et al. 2008).

+GDAP1 | +GDAP1 | +GDAP1 | +GDAP1
pR120W| pR120Q | pT157P | pR161H
Retrograde Moving mitochondria in 100pum

microinjected/ WT 64%
p_value 0,082
Anterograde Moving mitochondria in 100um
microinjected WT

WT neurons: +GDAP1

n.s. n.s. n.s. n.s.

n.s. n.s. n.s. n.s.
p_value
Retrograde Maximum speed
microinjected WT 146%

n.s n.s n.s n.s
p_value 0,019
Anterograde Maximum speed
microinjected/ WT

n.s. n.s. n.s. n.s.

p_value

Retrograde Size moving mitochondria

microinjected WT
n.s. n.s. n.s. n.s.

p_value
Anterograde Size moving mitochondria

microinjected WT 65%

p_value 0,072
Table R5. Moving mitochondria parameters in wild type mice DRG cultures when differentGDAP1
mutations are microinjected. Percentage to wild type data has been calculatedaich microinjection,
either GDAP1 or mutatedGDAPL p-values appear below percentage; n.s. mearssgndicant value.
This table is a summary of figures R48, R49, R50.

n.s. n.s. n.s.
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In GdapI” DRG neurons all th& DAPXmutations altered one or several parameters. In
order to classify the mutations that caused saffeetsf percentages to null neurons and
also to wild type neurons data were calculatedetarh microinjectiontéble R¢. Null

mice parameters are also show in the first colubfunej.

Those mutations that corrected the defects prodbgedck of GDAP1 in null mice are
showed in green. Of courséDAP1was able to restore them: it decreased the higher
number of mitochondria moving retrogadely and dased the size of mitochondria that
were longer in null mice. In additio@DAP1lincreased anterograde speed (yellow).

Also in greenGDAP1pR120Q and pR161H restored only the mitochondrz.

The mutation that had the same effect that loggatkin is highlighted in blu€&sSDAP1
pR120W increased number and size of mitochondrigimgan a retrograde direction.
Additionally, pR120W mutation increased anterogrageving mitochondria and
decreased size of these mitochondria in compansthnlack of protein.

Gain of function is labelled in redGDAP1 pT157P abolished the mitochondrial
movement in an aggressive way (compared to wilce tgpso) without modifying
velocity or size of mitochondria.

Finally, a rare phenomenon is highlighted in purgBDAP1 pR161H decreased

retrograde speed despite this was no altered innmiaé. Moreover, pR161H mutation
also abolished mitochondria in retrograde motiod, amexpectedly, mitochondria in

motion size.
+GDAP1
PR1200

n.s.
n.s.

KO neurons: KO +GDAP1

Retrograde Moving mitochondria in 100um
microinjected/ KO - 55%

microinjected/ WT _ n.s.

Anterograde Moving mitochondria in 100um

microinjected/KO - n.s. 226% n.s. n.s.
microinjected WT n.s. n.s. n.s. n.s. n.s.

Retrograde Maximum speed

microinjection/KO - n.s. n.s. n.s. n.s. -
microinjected WT n.s. n.s. n.s. n.s. n.s.
Anterograde Maximum speed

microinjected/ KO - 162% n.s. n.s. n.s. n.s.
microinjected/ WT n.s. 138% n.s. n.s. n.s. n.s.

Retrograde Size moving mitochondria

microinjected/KO - 68% 65% n.s. 53%
microinjected/WT _ n.s. n.s. n.s. n.s.
Anterograde Size moving mitochondria

microinjected/KO - 56% 68% 65% n.s. 58%

microinjected WT n.s. n.s. n.s. n.s. n.s. n.s.
Table R6. . Moving mitochondria parameters in nullmice DRG cultures when different GDAP1
mutations are microinjected. Percentages to null neurons and also to wild tyg@&ons data has been
calculated for each microinjection. First columifiere KO/WT (without any microinjection) percentage
in order to compare the effect of mutations with tompletely lack of protein. Colour data groups ar
explained on the text. n.s. means no significaffiéidinces. This table is a summary of figures RR49,
R50.
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3.3-Sciatic nerve explant

Mitochondrial movemel.

Inference fromprimary culturesdata is limited bydissociation of the cel, which
eliminates tissue propert, the artificial culture environmenthe short duration of tt
cultures and short axonshatis the why when possible it greferable tcstudy these
mechanism# the context of a live ner.

To investigate the sammeitochondrial paramete as abovewe took advantagof mito-
Dendra2 mice strainAll tissuesisolated from these animals exhibiright green
fluorescence localized specifically at the  mitochondrial compartme
(http://jaxmice.jax.org/strain/018397.ht. Breeding this strain wittGdapI™ mice
allowed us to assay axonal transpdn the sciatic nerve otheseanimals, so no
dissocidion or culturing is necessary (see more detailed explanation
Material&Methods).

For this experimentve excised sciatic nerve carefully frcpresympomatic 1 montt
old micein order to avoid thick myelin sheet. Excised newasimmediately locate:
under the microscopdor no more than 1 hot (Figure R5) to perform time laps
study Imaging was carried out in the mid region of theised nerve ' avoid the
effects of calcium influx throu¢ cut endings of the nerve.

| WT | | Gdap1 -/ |

i TN NN ): o T T PN
Figure R51. Representative images of sciatic nerve from Wmitodendra and Gdap1”/mitodendra

mice. Mitochondria are fluorescent, easy follow inside axons.Several individual axons we
straightened from each time lapse (see next i

Time lapse imagesom "ex vivo" mitochondria in sciatic nervFigure F52) were used

to analyse thesame parametelas those studied ipostnatal DRG and SCG cultt
study(Andrews et al. 2010; Gilley et al. 20..

m

@ anterograde
soma 5> end E i
< \ll

retrograde

Figure R52. Representative image:
of sciatic nerve from
WT/mitodendra and Gdapl”
/mitodendra mice. (a) Representativ
straightened axon(b) kymograpt
(time-distance graphof mitochondrie
transport (c) Moving mitochondr
from this kymograph identified usir
ImageJ plugin ‘Difference tracke
(Andrews et al. 2010)Soma referenc
is draw on top

| WT

Gdap1+
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The number of mitochondria in movement inside geipl axons o6dapI” mice was
similar to wild type. The percentage of moving milondria (moving
mitochondria/total mitochondria) was equal betweeild type and GdapI mice
(Figure R53, left graph Moreover, there was no difference between gerestyn the
number of moving mitochondria in 100 um per sec@ndure R53, right gragh
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Figure R53. Percentage of total moving mitochondria(left graph) and number of moving
mitochondria in 100um per second (right graph) in siatic nerve from 1 month old mice.The
percentage was obtained by counting the numberaying mitochondria and dividing this number by
the total number of mitochondria (static + movingAverage data (xSEM) of wild type mice are
represented in black ai@dap1” in white.

These results were in agreement with previous alati@ined in SCG culturesaple R).
However, they contrasted with those from DRG cekuiable R) where we detected
increased mitochondria in motion as well as in@datrograde moving mitochondria
in 100um.

SCG DRG Sciatic nerve _ _ _
Percentage of moving mitochondria Table R7. Moving mitochondria
9 9 parameters in Gdapl” SCG and
KO/WT n.s. 130% 0,082 n.s. DRG cultures anSi sciatic/ nerve.
Retrograde Moving mitochondria in 100pm ;ercent;gg G‘;f"?]l / deapf I alnsl g
escuedtdapI” has been calculate
KO/WT n.s. 166% 0,061 n.s. for cultured neurites and axons inside
Rescued/KO 46% 0,017  55% 0,033 nerve. p-values are shown besides
Anterograde Moving mitochondria in 100um percentage; n.s. means no significant
KO/WT n.s. n.s. n.s. value. This table is a summary of

Rescued/KO 53% 0,098  n.s. figures R41, R42, RS3.
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When we analysed average (total displacement ofarticle / time tracked) and
maximum (furthest displacement of each tracked igartbetween two frames)
mitochondria velocities, we detected slower mitoaha in GdapI" animals.
However, the decrease is only detected in antedegilaection figure R5J.
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Figure R54. Average speed (left graph) and maximurapeed (right graph) in sciatic nerve from 1
month old mice. Mean of average and maximum speed (£SEM) of wiftetynice are represented in
black andGdap1” data in white. Asterisks are representing the lpesof proper statistic test (*<0.05;
**<0.01; ***<0.001).

These results were in agreement with previous alati@ined in SCG and DRG cultures
(table RY. Retrograde velocities were in agreement with Sta@& while anterograde
velocities were similar to DRG neurons.

SCG DRG Sciatic nerve
Retrograde Average speed
KO/WT 69% 0,002 n.s. n.s.
Rescued/KO n.s. n.s.
Anterograde Average speed
Table R8. Moving mitochondria KO/MWT 61% 0,001 n.s. 92% 0,005
velocities in Gdapl™ SCG and DRG Rescued/KO n.s. 176% 0,004

cultures and sciatic nerve. -
Percentage Gdapl/Gdapl”* and Retrograde Maximum speed

Rescuec@dapl/’ has been calculatedKO/WT 68% 0,000 n.s. n.s.
for cultured neurites and axons inSid‘PQescued/KO n.s. n.s.

nerve. p-values are shown beside,

percentage; n.s. means no significa.’.a_‘ntemgrade Maximum speed

value. This table is a summary oKO/WT 67% 0,001 n.s. 91% 0,003
figures R43, R44, R54 Rescued/KO  n.s. 162% 0,006
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Mitochondrial size.

In addition, we examined the size of moving mitaothea. Gdapl deficient mice
showed longer mitochondria in the retrograde dioecin their sciatic nerves than wild
type animalsKigure R55, left graph In contrast, such an increase in mitochondda si
was not detected in static mitochondfay(ire R55, right graph

moving mitochondria size static mitochondria size
2,0
-
1
—_ * **
£ M N
N
.; 1,0 +
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€
0,0 -
total retrograde anterograde total

Figure R55. Moving mitochondria size (left graph) ad static mitochondria size (right graph) in
sciatic nerves from 1 month old animalsWild type data are represented in black &wthp1” in white.
Asterisks are representing the p-values of profagistc test (*<0.05; **<0.01).

These results were in agreement with previous alati@ned in DRG culturesable R9
where longer mitochondria were found in null mieurons. However, in SCG cultures
from GdapI” mice we observed shorter ones.

SCG DRG Sciatic nerve
Retrograde Size moving mitochondria
Tahle R9. Mitochondria size in KO/WT 77% 0,067 149% 0,046 113% 0,013
Gdapl” SCG and DRG cultures and Rescued/KO  n.s. 68% 0,049
sciatic nerve. pPercentage Gdapl Apterograde Size moving mitochondria
/GdapT™ and Rescue@®dapI has 9 9
been calculated for cultured neurite§<O/WT n.s. n.s. n.s.
and axons inside nerve. p-values aiRescued/KO n.s. 56% 0,004

shown besides percentage; n.s. r.nef Size Static mitochondria
no significant value. This table is &

summary of figures R45, R46, R55. KO/MWT 117% 0,011 n.s. n.s.
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1.- Mouse model suitable folGDAP1-CMT disease

There are few animal models for tAP1form of CMT. Several fly models have
been developed by Dr Galindo group (Del Amo eR@ll5), demonstrating that specific
overexpression and knockdown®#laplin retinal cells induce neuronal loss in an age-
dependent fashion.

Regarding mouse specifically, apart from @daplnull model there is just one other
developed by Dr Suter group and reported duringthese of this project (Niemann et
al. 2014). In contrast to our null mouse model,alihivas generated by deleting the first
of six exons ofGdaplin order to ablate the expression, Niematral generated a
mouse deleting the fifth exon. This led to a truadaprotein that was unstable. Both
GdapI” mouse models are fertile, with no disability anealthy offspring. This
contrasts with mice lacking other mitochondrialifusfission proteins, such d3rpl
(Wakabayashi et al. 2009ppal(Alavi & Fuhrmann 2013) ant¥fnl or Mfn2 (Chen et
al. 2003) null mice models, which have embryonihaéty.

To be useful as a model, it is important that atsmamic disease hallmarks although
we know that sometimes this is particularly difficen mouse models of neuropathies.
GDAPLCMT patients suffer a chronically progressive mateuropathy beginning in
early childhood and resulting in severe disabiitythe end of their first decade (Baxter
et al. 2002; Cuesta et al. 2002; Sevilla et al.320@ur Gdapl null mouse presents
motor deficits in an age-dependent trend and thiedieits are easily quantifiable by
rota-rod testf{gures R8, RYand walking track analysisiqure R11, tables R1, B2In
addition, our mouse model also shows the "pes ¢aphenotypef{gure R§. However,
muscle wasting is not present at 12 months digie R19) whereas damaged muscle
fibres have been detected)(ire R13.

The Niemann mouse model showed no signs of peadpimauropathies. In 13 month
old mice, same motor studies, which allowed us dtect the locomotion disability,
revealed no significant differences between muaauat control animals (Niemann et al.
2014).

In addition to motor disability, mild to severe sery loss is observed @BDAPXCMT
patients; particularly affecting proprioceptionbration and touch (Baxter et al. 2002;
Cuesta et al. 2002; Sevilla et al. 2003). Looking these impairments in our mouse
model we studied the histology of DRG where the a@hneurons that innervate skin
and muscle spindles are located (Lallemend & Emfz812). DRGs were studied by
histology and no abnormalities have been found ewemld mice {igure R30.
However, the molecular and cellular environmentisrupted when DRG cells are
disaggregated and cultured and cultures are maeddor a limited duration with much
shorter axons tham vivo (discussed below in points 5 to 8). So far, no sgntests
were studied in our mouse model. However, Dra Stdgui's group is doing sensory
test to our mouse model and they have found ditiabibf GdapT.

In 13 month old mice of the Niemann model, sensiwglies revealed no significant
differences between mutant and control animalsr(idien et al. 2014).
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Niemann 2014 Present work
Mouse Generation:
- exon deleted Exon 5 Exon 1
- expected product Transpliced mRNA No mRNA
Phenotype:
- motor behaviour No phenotype at 13 mo Rota-rddals at 3mo
- NCV 75% at 19 mo 94% at 5mo
- CMAP proximal stimulation 66% Amplitude at 19mo 698 Amplitude at 5mo
Duration not affected 115% Duration at 5mo
- CMAP distal stimulation No alteration in amplitud 63% Amplitude at 5mo

Table D1. Gdapl mice models comparisonPrincipal features in mouse generation and pherobfp
both Gdapl mice already published. Percentagessept null mice data divided by control mice data.

2.-GDAP1" mice model the axonal form of CMT

As in patients studies (Cuesta et al. 20@)apl1 null mice present slightly slower
MNCV at 5 months old (a decrease of 6%jure R19 and reduction in CMAP
amplitude and aredidure R19. In addition, lower density of fibres was fouria(re
R23 in agreement with axonal CMT forms (Cuesta et2802; Sevilla et al. 2003).
Other CMT2 models corroborate these findings. Aseaxample, HSPBI**F and
HSPBT*¥?"neuron expressing mice also present a signifidaotease in the number of
axons in distal parts of the sciatic nerve at 10tin® old (d’Ydewalle et al. 2011).

In contrast, onion blubs were not observed in sd@cmicroscopy images of sciatic
nerve (igure R2) and g-ratio was equal to controlsaf{le Ry at 5 months old,
discarding demyelinating form (Tazir et al. 2014).

3.-Gdapl family genes are expressed in mouse

GDAP1 is expressed in neuronal mouse tissfiesr¢ R2 in agreement with previous
studies (Niemann et al. 2005). No protein expressias detected in skeletal muscles
(figure R2.

Deletion of first of six exons oBdapl (figure R1) is enough to ablate its expression.
Even short transcript couldn't be detected in mduse modelf{gure R9. In contrast,
deletion of fifth exon in Niemann model resultsaitranscript form with a transplicing
form exon 4 to exon 6 (Niemann et al. 2014).

Protein expression is dependent on genetic chamgerozygous animals presents less
protein amount that wilt typesqure R3.

Gdaplfamily membeiGdaplLlis also expressed mainly in CN&(re R9. Although
we didn’t check protein expression, reverse trapsae analysis agree with similar
studies that don't find expression in PNS (Niemeinal. 2014).
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4.- Lack of Gdapl produces axonopathy

Motor defects already discussed in the first poieed to be due to problems in long
distal peripheral nerves as GDAP1 is not expresseduscles foure R2. In mice,
sciatic nerve is the longest nerve (Krinke et 8lL4) that innervates hind limb muscles.

Detailed electrophysiological analysis @HapI” sciatic nerve revealed alterations in
MNCV and CMAP parametersiqures R18, R19, R20, R}1As discussed above, a
slight reduction of MNCV as we find here, togethéth reduced CMAP amplitude and
area are signs of an axonal form of CMT. In additionger durations reflect selective
slowing of some motor fibres (Katirji et al. 201®horter latencies are more difficult to
explain, as normally an increase in latencies c&fléhe nerve conduction slowing of the
fastest fibres (Tankisi et al. 2012).

It's important to remark that all these alteratiorese found in 5 months old mice but
not in 2 month old. This indicates that the neugamherative part of the axonopathy is
progressive, again similar to the phenotype ingoesi.

Alterations in electrophysiological outcomes carekplained by loss of fibre density in
sciatic nerve floure R23. In addition, asynchrony reflected by increasi@iylAP
duration may be explained by the change in theefize distribution found in CMT
mice (igure R29. Although average axon size is no statisticaliffecent between
control and CMT micetfible R), we found a slightly loss of small fibres andngin
bigger ones when we studied deeplygi(re R24. This fact could also explain why
smaller CMAP latencies were found in null animals.

Interestingly opposite findings have been repofftadanother fusion related protein
mouse model. MFN2 p.R94Q mice, which develop locmmanpairments and gait
defects at 5 months old, presents an age-relatédirstihe size of myelinated axons
leading to an over-representation of axons smédkan 3.5 um (Cartoni et al. 2010).

No other axonal extrinsic abnormalities as demwiom (able R3 and figure R32
were found in our CMT mouse model. However, wherstuelied axons in more depth,
intrinsic alterations were found. Mitochondria thsGdapI™ mouse sciatic nerve axons
were longer that the controlggures R25, R26, RH5This fact will be discussed more
extensively in point 5.

Both proximal and distal ends of sciatic nerve axamre also studied in detail. In the
distal part, terminal ends of axons start to diekbkading to denervation in the
gastrocnemius muscle at some point between 5 anchdrths. Although the total
number of NMJ endplates was not alterédu(e R19, their occupation by axonal
terminals was lower figures R15, RI1BIt is well established that the synaptic
connections between motor axons and muscle areedhap nerve activity; impaired
post-synaptic activity at neuromuscular synapsémsydehe withdrawal of presynaptic
terminals and synapse elimination (Bloch-Gallegd3)0 In addition, abnormalities
such as retraction bulbs in the most distal pathefnerve, near to NMJ, were found
only in old CMT mice {jgure R19.

Interestingly, denervation of NMJ was also obseruedadult zebra fish expressing
MFN2 pL285X mutant, along with clear alterations swimming (Chapman et al.
2013).

Denervation of leg muscles is consistent with theéase of plantar length (PL) and
decrease of toe spreading (TS) observed in fodtpetords {gure R11 and table B2
(Wietholter et al. 1990). The absence of more sevirdings in muscles could be
explained by the short length of mouse leg neregkgive to humans.
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At the proximal end of the axon, the somas of maturons located in ventral horn of
lumbar spinal horn are also affected as suggestedpyknotic aspects of neuronal
somas inGdap1” animals {igure R2). Loss of "healthy" MNsf(gure R29 can be
attributed to increased catalase and Bax expre¢sione R29. However, western blot
experiments were done with the whole lumbar spowat protein extracts, so it is
difficult to correlate apoptosis and oxidative sterevealed by Bax and catalase
increase, with pyknotic motor neurons.

In addition, new roles for Bcl2 family have beersci#bed linking those proteins with
mitochondrial dynamics (Saez-Atienzar et al. 201&poptosis and mitochondrial
dynamics are related: 1) BAX interacts with compuseof the mitochondrial
fission/fusion machinery; 2) deficiencies in medriat of mitochondrial fission/fusion
and cristae remodelling influence the kinetics pbgtosis; mitophagy is related to
mitochondrial dynamics: (a) since a fragmented amtmdrial network is necessary
(though not sufficient) for efficient mitophagy, PR and MFN1/2 indirectly regulate
mitophagy, both positively and negatively; (b) PINRarkin targets MFN1 and 2 for
degradation to promote mitochondrial fission. A¢ game time, mitophagy is related to
apoptosis (Li & Dewson 2015).

An alternative explanation for increased catala&keBeax will be discussed in point 9.

5.- GDAP1 is implicated in mitochondrial dynamics

It has been demonstrated that GDAP1 is a fissidagimg factor which promotes
mitochondrial fragmentation without inducing ceflagptosis, changes in mitochondrial
transmembrane potential or interfering in mitoch@addusion. Moreover, transfections
with GDAPZspecific RNAI led to an increase of cells with wbdlar mitochondrial
morphology compared with untransfected or contrahdfected cells (Niemann et al.
2005; Pedrola et al. 2008; Niemann et al. 2009k0Ally models confirmed that
overexpression ofsdapl caused small mitochondria and interference ofGoiapl
produced longer mitochondria (Del Amo et al. 2015).

To test if lack ofGdaplalso alters mitochondrial dynamics in our mousel@have
performed experiments to check mitochondrial molpin in different tissues. As
already mentioned in point 4, the sciatic nerveaasttucture analysis by electron
microscopy showed a higher number of mitochondea gection in null mice axons
(flgure R29. As there was no increase of mitochondrial bi@genin sciatic nerve
extracts we concluded that the increase of mitodha number per section is due to
elongated mitochondria that could be sectionedrakWienes{igure R26. In addition,
confirmation of the presence of longer mitochondtige to deficiency ofcdaplin
sciatic nerve axons was performed in sciatic neexplants using mice with
fluorescently-labelled mitochondriaGdapI mice presented longer mitochondria
moving back to soma -in retrograde direction- (@se of 13%ifigures R52, R55 and
table R9. Static mitochondria were not different form awfs.

We also observed longer mitochondria in retrognadéon in DRG cultures from null
animals relative to wild type (increase of 49%ures R40, R45, R46 and table)R
addition, when we rescued those sensory neurons niigroinjecting Gdapl
mitochondria became shorter than in non-rescueldcnlilires (KO), travelling in both
directions (decrease of 32% in retrograde way &% dnterogradelyfifure R45 and
table R9. Again, static mitochondria were not differentrfocontrols.
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Interestingly, when we studied moving mitochondnaSCG cultures we found the
opposite. Shorter mitochondria were moving in aograde direction in null neurons
(decrease of 23%;yend in figure R45 and table Rand longer ones were found to be
increased in the static pool (increase of 17&bre R46 and table H9The relevance to
pathogenesis is that SCG are not affected in CMT addition, SCG belongs to
sympathetic nervous system (SNS) (Jackson & Tdottel 2014). Impairments in
mitochondrial dynamics affect different cell typesdifferent individuals in a different
way depending on the individual's unique profilemtfacellular and extracellular stress
factors (Alavi & Fuhrmann 2013). It maybe that SGave a mechanism to avoid the
formation of longer mitochondria and this is whgdk neurons are not affected in the
same way. Smaller mitochondria moving in a retrdgrairection could represent a
mitophagy marker.

In agreement with our results, opposite findings haen described for fusion related
proteins. As an example, DRG cultures from MERZR“?mice presents shorter
mitochondria than control ones (Misko et al. 2010).

Mitochondrial fission and fusion occupies a cenfakition in mitochondrial quality
control and it processes different intracellulad axtracellular parameters in order to
accommodate cell homeostasis and cell fate by skweeasures: a) Mitochondrial
network morphology changes to either a more filabmes or more fragmented state to
adapt mitochondrial function to actual energetid aretabolic demands of the host cell.
b) Fusion of dysfunctional mitochondria to functbnmitochondria can attenuate
damage to mitochondrial proteins, lipids, and mtDNA Inhibition of mitochondrial
fusion targets single dysfunctional mitochondria ttte mitochondrial autophagy
pathway. d) Mitochondrial fragmentation, mitochaatr outer membrane
permeabilization, and cytochrone release signals severely impaired host cells to
undergo cell death. According to this, mitochonditegsion maintains mitochondria by
attenuating mitochondrial damage as well as by egtotg from mitochondrial
autophagy. Moreover mitochondrial fusion antagamizell death signalling (Alavi &
Fuhrmann 2013).

6.- GDAPL1 is implicated in mitochondrial transport

GDAP1 has been also linked with mitochondrial nigtil Depletion in human
neuroblastoma cells induced the increase of ortganabtility but without increase of
tubular mitochondrial morphology (Pla-Martin et20.13).

Similar results were obtained when we studied rhibociria motility in DRG cultures.
An increased percentage of moving organelles wawad in null neurons (30% more,
trend in figure R41 and table RIn detail, the increase was due to a higher rerob
mitochondria moving retrogadely BdapI” cultures in comparison to wild type ones
(increase of 66%irend in figure R42 and table R7This data is supported by the
opposite effect found when we resd@dapI” neurons. Microinjection oGdaplinto
null neurons decreased the number of mitochondi@ were moving in retrograde
direction (decrease of 45%gure R42 and table R’

In contrast, no alteration in motile mitochondrias~vfound either in sciatic nerve
explants {igure R53 and table B'or in SCG cultures from null micédure R41, R42
and table RY. However, a decreased number of moving mitochandrboth directions
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was found in rescued SGC cultures in comparisoh witl not rescued ones (decrease
of 54% retrogadely and a trend of 47% anterogradielyre R42 and table B.7

In agreement with our results, opposite findings haen described for fusion related
proteins. DRG neurons derived from MFN2 knockoutcenitransfected with
MFN2RQRMG5q disrupted both anterograde and retrograde haitwirial transport
(Misko et al. 2010). In MFNZ%X285X 7ahra fish neurons only retrograde transport
was selectively impaired (Chapman et al. 2013).

In addition to studying motile mitochondria, we wealso interested to determine
moving velocities in our mouse model at diverseelevSciatic nerve explants from
GdapXull mice showed lower velocities than controlsgrage (decrease of 8%gure
R54 and table R8and maximum (decrease of 9%gyure R54 and table B3in
anterograde direction.

Despite SCG not being affected in CMT patients, esdmdings were replicated in
sympathetic ganglion cultures from null mice. Redhrcof around 31-39% in average
and maximum velocities was observed in retrogradk anterograde directioriqure
R43, R44 and table .8However, those alterations were not detecte@dapl” DRG
cultures but rescued cultures presented oppositeesja showing a increase in
anterograde velocities, average (increase of 768bye R43 and table D5and
maximum (increase of 62%gure R44 and table B3

Interestingly, similar findings have been describfed fusion related Proteins. DRG
neurons derived from MFN2 knockout mice transfeatéth MFN2?%*?R¥oved at
slower velocities in the anterograde and retrogrdidections (Misko et al. 2010). In
MFN2-285%/L285X 7ahra fish neurons only retrograde speed was eed(@hapman et al.
2013).

Mitofusins has been described as adaptor of Miran@l 2015). InDrosophilg the
Milton/Miro complex mediates the binding of micrbtle-based motors to
mitochondria. Miro associates with the outer mitutirial membrane via a
transmembrane domain and recruits Milton, whichdbiirectly to KHC (kinesin
heavy chain). Recently, the mammalian homologs dfol] TRAK1 and TRAK2,
were shown to associate with the retrograde maiomptex via dynactin. Interestingly,
N-terminal TRAK binds to both dynactin and KHC, atids potentially mediates
bidirectional transport of mitochondria. By contradepletion of TRAKs results in
arrest of the anterograde and retrograde movindspafomitochondria in both axons
and dendrites, suggesting that TRAKs mediate pspoestransport in a regulated
manner that remains to be elucidated fully (Fu &zBaur 2014). NDE1 and GSK3
associate with TRAK1. NDE1 promotes retrograde akanitochondrial movement
and GSK3® promotes anterograde mitochondrial transport (Qgeinal. 2016).

As defective fusion -MNF2- and fission -GDAP1- puce slower mitochondria in
retrograde and anterograde direction respectivielis no absurd thinking that both
proteins are involve in transport mitochondria gloaxons apart from its role
mitochondrial dynamics. GDAP1 knock-down clonestiiw#d0% and 80% protein
reduction) of the human neuroblastoma SH-SY5Y d&le have problems to
differentiate due to lack of GSKR3hosphorylation (Pla-Martin 2012). Perhaps GDAP1
interacts and/or activates GSKdyy interaction with TRAK in a similar way to
mitofusins. This idea will be discussed in point 9.
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7.-GDAP1 mutations affect to mitochondrial dynamics and transport
A high number of mutations has been found along 8D&ene; some of them has been
reported as CMT causing mutations and some as patbongenictGble A2 and AR

With the aim of better understanding the pathogeffiect of mutatedtGDAPLlin CMT
patients, we investigated the effect of sev&BIAP1 missense mutation§igure R4y
(Pedrola et al. 2008; Pla-Martin et al. 2013) otoaotiondrial parameters depending on
neurons genotype.

When we express mutations GDAP1in wild type DRG culturestéble RY only
overexpression oDAP1 alters the parameters decreasing number of mitatriein
retrograde way (trend with a p value of 0.082)adidition, GDAPlincreases retrograde
velocity and decreases anterograde size of thosecaindria that are moving. It is
interesting how the overdose of non-mutated pratso causes alterations.

A increase in fragmented mitochondria were foundimilar experiments on COS-7
cells which doesn't express GDAP1 (Niemann et@52Pedrola et al. 2008).

The absence of effect by dominant mutations pR120\W pT157P was unexpected.
However, it is possible that the presence of wyldet GDAP1 in neurons avoid any
effect of microinjected mutation.

When we express mutations 6DAP1in GdapI” DRG there are more parameters
altered. There are mutations that correct the tef@oduces by lack of GDAP1 in null
mice (green highlighted omble R§ . Of course GDAPL1is able to restore all of them:
it decreases the higher number of mitochondria ngpvetrogradely and decreases the
size of mitochondria that were longer in null mibeaddition, non mutated protein also
increases anterograde speed although speed igdaterin DRG cultures d&dapl”
mice (green highlighted amble R6).

Surprisingly, GDAP1pR120Q expression in null neurons also is ableecbone defect
due to lack of GDAP1. This mutated protein reduoe increased size of retrograde
moving mitochondria (green highlighted tible R6)as well as also reduce the size of
anterograde moving mitochondria that were not edtén knockout cultures.

These data contrast with the early and severe fofnr@MT that develop patients
harbouring this recessive mutation (Boerkoel e2@03).

We also decide to study another mutation at theesposition but with dominant
inheritance, pR120W. CMT patients harbouring thistation have a mild phenotype
(Claramunt et al. 2005) and even are asymptomaiinegn et al. 2012).

Although mild phenotypeGDAP1 pR120W seems to doesn't restore any defect on
mitochondrial movement when it is express in DRGuras ofGdapI™ mice. Its data
are quite similar to lack of protein (blue highligd ontable R6)but also increases
velocity and reduces size of anterograde mitochiandmotion.

Dominant mutation pT157P has a "arresting" effattnoitochondria. This mutation
decreases so abruptly the increased retrogradengnavitochondria in null neurons and
also anterograde moving that were not altered. ddueease is so strong that there is a
lower percentage of mitochondria in motion everwd compare with control mice
neurons (red highlighted aable R§. However no effect on velocity or size was found.
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That "arresting" effect on mitochondria could expléne severe phenotype presented in
GDAP1pT157P patients (Claramunt et al. 2005).

Another severe form oGDAPL related CMT is caused by the recessive inherited
mutation pR161H (Baxter et al. 2002). The expresssd mutated protein in null
neurons also stops retrograde moving mitochondriaa isimilar way to pT157H
mutation. In addition, pR161H decreases retrogsamed and also it is able to restore
mitochondria in motion size.

8.- GDAP1 is implicated in microtubule cytoskeletorstabilization

Loss of GDAP1 produces cytoskeleton instability doenterfering to correct PMTSs.
Decreased acetylationqures R35, R3pand increased tyrosination state (trefgljres
R37, R39 may be the reason because DRG cultured neurensairable to grow
properly, presenting smaller sonfay(re R33 and shorter neuritesiqure R39 than
the controls. Even so, this instability doesn'eefffto neurites outputiure R32).

Other CMT mouse models, CMT2F HSPB®" and HSPBT**" neuron expressing
mice as CMT2F model, also show a marked decreaseeitylatedr-tubulin abundance
in peripheral nerves (d’Ydewalle et al. 2011).

Interestingly, an increase of a-tubulin acetylatiothuced by pharmacological inhibition
of histone deacetylase 6 (HDACG6) corrected the akaransport defects caused by
HSPB1 mutations and rescued the CMT phenotype @héde et al. 2011).

Lysine acetylation is a key post-translational nfiodtion known to regulate gene
transcription, signal transduction, cellular tram$p and metabolism. Lysine
deacetylases (KDACSs) superfamily in mammals culydmlds eighteen members. A
core division based on homology with yeast KDAQseasates ‘classical HDACS’ (zinc-
dependent, Rpd3/Hdal homologues) from ‘sirtuins’ AQN-dependent, Sir2
homologues) (Matsushima & Sadoshima 2015).

Cytosolic HDAC6 deacetylates tubulin, cortactin ahrt6P90, regulating axonal
trafficking, cell motility and degradation of misfied proteins. SIRT2 sharestubulin
deacetylase activity with HDACG6, and has been ssiggeas the main microtubule
deacetylase in mature neurons. SIRT1 deacetylatts&ivates the transcriptional co-
activator PGC-&, a master regulator of mitochondrial biogenesisigs-Dias &
Oliveira 2013).

A mouse model of another neurodegenerative diséasgptrophic lateral sclerosis,
also presents a reduction in neurite length as aglnitochondrial fragmentation and
impairment of mitochondrial transport. In this mhd8IRT3 and PGC-1 protect
against mitochondrial fragmentation and neuronkldesth by mutant SOI** (Song
et al. 2013).

SIRT3 is the main deacetylase in the mitochondwagre it regulates oxidative
phosphorylation, protein synthesis and multiple abetic pathways (Guedes-Dias &
Oliveira 2013). Effects of Sirt3 are mediated by thactivation of FoxO3-dependent
transcription of catalase and MnSOD, suppressionRGfS-induced Ras activity,
MAPK/ERF, and Akt/PI3Ksignalling (Matsushima & Sathima 2015).

It would be interesting testing Sirt3 activation GdapI” mice. Activation of Sirt3
could explain why motor neurons in spinal cord aoe dying (igure R29. Activation
of Bcl-xL could blocks the increased Bax (figured®d deacetylation of FoxO3a would
increase catalasédqure R29.
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9.- Role of GDAP1 in mitochondrial transport, homeatasis and

pathology in neurons

As GDAP1was identified in a Neuro2a mouse neuroblastorfidime differentiated by
transfection of GD3 synthase (a2,8sialyltransfgrafeNA (Cassereau et al. 2011),
there is another mouse model to take into accoamtdmparisons witfGdapl null
mice. Complex ganglioside knockout mouSaiNAcT") was engineered to lack a key
enzyme in complex ganglioside biosynthesis (GM2/Gi2thase) and express only the
simple ganglioside molecular species GM3 and GEE&INAcCT mice develop
significant and progressive behavioural neuropathiacluding deficits in reflexes,
strength, gait, coordination and balance (Chiaveggtt al. 2000)GalNAcT mice also
display decreased myelination, axonal degeneratidmoth the central and peripheral
nervous systems (Ma et al. 2003; Sheikh et al. 1999

GalNAcT "mouse model Gdapl” mouse model
Phenotype:
- motor behaviour Limb clasping at 8mo Limb clagpat 3mo
Rota-rod defects at 8mo Rota-rod defects at 3mo
- walking defects Reduced Stride Length at 8mo Redstride Length at 5mo
Increased Plantar Length at 8mo  Increased Plastagth at 5mo
- MNCV Slightly reduced at 3mo Slightly reducedbato
Electron microscopy
-CNS Degenerating fibres
Increased unmyelinated fibres
and axon size (3mo)
- PNS Degenerating fibres Loss of myelinated fibres.
Decreasing neurofilamentShift in axon sizes
spacing (3mo) (5mo)

Table D2. Mice models comparisonPrincipal features in phenotype of both Complex gliaside
knockout mouse GalNAcT") and Ganglioside-induced differentiation-assodafeotein-1 knockout
mouse Gdap1")

Early studies on isolated neurons indicated ancemént of gangliosides in terminal
axons and synaptic endings, suggesting a role mmé&ton, development and
maintenance of the nervous system. The importarfcegamgliosides in normal
functioning and integrity of the nervous system amdeurodevelopment and neural
regeneration has since been demonstrated.

At the cellular level, the ability of exogenouslppdied gangliosides to potentiate
neurite outgrowth in primary neurons, sensory garghd neuroblastoma cell lines, and
axonal sprouting in regenerating axons has long les&blished. The gangliosideO9-
acetyl GD3 has been implicated in glial-guided neuronal ntigra and neurite
outgrowth in both the developing and adult rat pes/system, and in facilitation of
axonal growth and Schwann cell-induced myelinatibming both development and
regeneration of mouse peripheral nerve. Additignafjangliosides can enhance or
regulate cell survival. They have been shown todgroprotective against toxic insult,
anti-apoptotic during neural cell differentiatioand pro-apoptotic during neural cell
proliferation (Palmano et al. 2015).

Human neuroblastoma GDAP1 knock-down clones has misblems to differentiate
properly (Pla-Martin 2012). Mayl®DAP1is necessary to orchestrate all this change in
cell morphology.
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If we look for one studied protein that could orstnate big changes in cell morphology,
mitochondria distribution and dynamics the proteviso/Milton come to our mind.
Indeed, Mirol KO axons exhibit a reduction in oWeratrograde velocity compared
with WT (Nguyen et al. 2014).

The evolutionarily-conserved mitochondrial RhBIRO) small GTPase which is
specifically associated with the mitochondria and & hydrophobic transmembrane
domain. At the mitochondriadMIRO regulates mitochondrial homeostasis and turnover.
In metazoansMIRO regulates mitochondrial transport and organizatncellular
extensions, such as axons, and, in some cases;eliutar transport of the organelle
through tunnelling nanotubes. Recent findings havealed a myriad of molecules that
are associated witMIRO, particularly the kinesin adaptor Milton/TRAK, roftusin,
PINK1 and Parkin, as well as the endoplasmic reticutitochondria encounter
structure ERMES complex. The mechanistic aspects of the rolediRO and its
interactors in mitochondrial homeostasis and trarisgre gradually being revealed. On
the other handMIRO is also increasingly associated with neurodegeineraiseases
that have roots in mitochondrial dysfunction (T&e4.5).

The next tabletéble D) summarizes all known partners of MIRO involvedifferent
functions: anterograde and retrograde motors otadgpmitochondrial fusionMFN),
mitosis segregation, neural development and sigigapathways, stress response and
protein degradation.

Interacting protein Nature of partner Function/re marks
Milton (Dm) Mitochondrial kinesin motor
TRAK1 and 2 adaptors
Kinesin family, microtubule-
based motor protein
Microtubule-based motor
protein
Mitofusin 1 and 2 Dynamin-like GTPases Mitochondhiaion
Kinetochore function and chromosome
segregation in mitosis
, . Neural development and multiple signalin

DISC1 Muttrfgnctlonal scaffold pathways, sucph as Wnt and nSTOF\?; ’

protein . . . . .

associated with schizophrenia & depression
Axonal mitochondrial transport, particularly
in response to hypoxia
Ser/Thr protein kinase thatRegulator of mitochondrial stress response
phosphorylates ubiquitin  and mitophagy
Important component of the ubiquitin-

Parkin E3 ubiquitin ligase proteasome system of protein degradation;

MIRO is a substrate of Parkin
Table D3. Summary of known MIRO interacting partners and their functions Adapted from Tang
2015).

Microtubule-based mitochondrial transport

Kinesin 1/KIF5 Microtubule-based transport (anterograde)

Dynein Microtubule-based transport (retrograde)

Cenp-F Centromeric protein

HUMMR Hypoxia-inducible protein

PINK1

Similar with MIRO, GDAP1 also have potential parsmé¢ableD4 with a wide range of
functions which could explained all the alteratiémsnd inGdap1’.
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Interacting protein

Nature of partner Function/re marks clons

| Microtubule-based transport (anterograde) |

Caytaxin

apoptosis, mitochondrial

Kinesin binding distribution

| Microtubule-based transport (retrograde) |

RAB6B

.. retrograde transport endosome to
GTPase activiy d b

Golgi and Golgi to ER 5
- t det t t
PIKEYVE?2 ATP binding re rogra e transport endosome to
Golgi 3
GTP tiviy. Ubiquiti .
TUBB ?‘S‘? ac My. . quitin microtubule-based process
protein ligase binding 1
| Actin-based organization |
WASP actin binding actin cytoskeleton organization 1
| Neurofilament-based organization |
INA neurofiament neurofllarpent cytoskeleton
organization, development 1
| Segregation in mitosis |
CEP250 protein kinase binding centriole-centriole calmesi 3
CCDC123 cetrosomal protein organelle organization 2
| Signaling pathways and neuronal developmerit
MESDC2 chaperone Whnt signalling pathway 4
BMPR2 ATP-binding; metal-binding BMP pathway, brain depment 1
ADCYS8 membrane-bound Ca2+-stimulable adenylyl cyclase 2
GABBR1 receptor activity synaptic transmission 2
ARX cromatin binding axon guiance 2
Plexin semaphorin receptor axon guiance 1
NFASC cell adhesion, ankyrin-binding  axonal guidanegyie extension 1
BAI3 GTPase activator dendrite morphogenesis, synapse
assembly 1
CENTB? GTPase activator cellular rgsponse to nerve growth
factor stimulus 1
Cellullar stress |
. tei ir; t
msrA oxidoreductase prg e|r_1 repat; response to
oxidative stress 2
EIF2B5 translation iniciation factor ER stress, astradifierenciation 1
ANKS4B ankyrin repeat response to ER stress 1
IL8 Cytokine ER stress,calcium singalling, 1
Ubiguitin-proteasome |
GABARAP beta-.tuk?ulln bm@ng; Ubiquitin synapatlc trans.mlssmn, .
protein ligase binding mitophagy, extrinsec apoptosis 13
ARRDC3 bgtg-S adrenergic receptor regulator of ublq.u.ltln-proteln
binding transferase activity 2
SUMOZ ubiquitin-like proteil protein sumoylatic 1
ASB11 ankyrin repeat protein ubiquitination 1

Table D4. Summary main GDAPL1 partners. Tvo hybrid data from Pla-Martin 2012.
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The idea is that GDAPihteracts with wide range of proteins in a simiay toMIRO.

ACTIN CYTOSKELETON

Figure D1. GDAP1 interacting proteins in relation with mitochondrial transport. Representative
picturesof GDAP1 and its interacting proteiwhich are relatedvith mitochondrial transpoithrough
microtubule and actin cytoskelet(drawn from www.servier.com).

As GDAP1 interact with microtubule transport prat as well as withSUMO4 and
EIF2B5, amog others onesack of GDAP1 affects to several processes in nfigure

D2).

Absence of GDAPL1 causes in some way that SUMO4 not activateDRP1 (Ong et
al. 2015) As a consequence fission is blocked producinggated mitochondri

In addition, as GDAP1 cannot bind to EIF2B5, EH&s a not properly conformati

and cannot block BolL by CHOP (lurlaro & Mufioz Pinedo 201. Bcl-xL blocks
DRP1 (SaeaAtienzar et al. 201t and as a consequence fission is blocked aBcl-

XL also blocks tubulin acelation (Saez-Atienzar et al. 2016hd, as a consequen
mitochondrial movement is impairt

Finaly, as GDAP1 also interact with Cayta, Gdapl nll mice have slowe
anterograde mitochondria in moti

Mitochondria

movement

Adaptors
proteins

SUMO4

TUBB

acetylation

Figure D2. Workflow of GDAP1 involved processes.Activation or facilitation is represted as green
arrows. Red aaws showed inactivation or blocking act.
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As a consequence of slower anterograde velocisgaldaxons denervate at NMJ level.
Slower velocity also causes no correct positiombchondria near to ER, so ER stress
proteins that interact with GDAP1 cannot interact.

Longer mitochondria in retrograde direction aresealiby DRP1 impairment to fission

defective mitochondria, as well as, ubiquitin bingliproteins cannot interact with
GDAPL
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1°. Murine Gdaplis expressed in central nerve system as well geeripheral nerve
system. Non neuronal tissues do not express GDAPL1.

2°. Other member of Gdapl family, GDAP1L1, is ats@ressed in mice neuronal
tissues, mainly in central nervous system.

3°: Eliminating exon 1 ofsdaplin mice is enough to generate a mouse model for
GDAPL1 related Charcot-Marie-Tooth (CMT). Mice lackirgdapl ubiquitously are
viable and fertile. As a modeGdapI" mice mimics the principal hallmarks of the
disease: "pes cavus”, motor defects, decreasedr metge conduction velocity and
alterations in compound muscle action potential.

4°: Use of this mouse model allowed us to deterteiGDAP1 related CMT as an
axonal neuropathy rather than demyelinating.

5°. The sciatic nerve, which has motor and senagons, is altered in 5 months old
GdapI” mice. Loss of fibre density as well as a switctakon size has been detected.
Demyelinating signs have not been observed.

6° In the muscle, loss dbdapl produces a dennervating process. Neuromuscular
junctions are not fully occupied by nerve ends 2nndonths old mice. In addition, we
have detected abnormal structures in this axonimatex Neuromuscular plates from 5
months old mice are indistinguishable between obatnd null animals.

7°: In the ventral horn of the spinal cord, lackGfaplproduces a progressive loss of
healthy motor neurons. Signs of damage have beenfalind in protein lysates form
the whole spinal cord.

8°: In the dorsal root ganglia, the absence of GDAPems to does not alter sensory
neurons at least at histological level until 12 therold.

9°: Adult dorsal root ganglia cultures are compmiadiby the lack of GDAP1. Smaller
soma and shorter neurites has been observed inorgemsurons fromGdapl™ mice.
Microtubule cytoskeleton destabilization may expltiis defects.

10°: Mitochondrial transport and dynamics are tlannprocesses disrupted by the loss
of GDAP1. CMT affected tissues fro@dapI mice, as dorsal root ganglia and sciatic
nerve, have longer retrograde moving mitochondniaddition, anterograde speed was
reduced on this tissues. Non affected tissuesupsri®r cervical ganglia, presented
shorter retrograde moving mitochondria and reduetdgrade speed.

11°: GDAP1 missense mutations harboured in CMT patients laifferent effects on
mitochondrial transport in cultured sensory neurdrgese wide variety of effects can
be correlated with the wide range of phenotypeseied in patients.
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Genetic characterization experiment

Generation ofsdapI” mice

Gdapheterozigous knockut mouse model was created by genOway (Lyon, Eja
With this propose, targeting vector containing tlegP sites flankin the first of six
exons ofGdaplgene, a heomycin positive selection cassette, adigraheria toxin A
(DTA)negative selection was used. TloxP-exon 1 Gdapl-FRT-PGKed -FRT-loxP
cassettavas introduced into the mouse genome by homologee@mbination in 129S
embryonic &#m (ES) cells. The targeting vector was integrateathe ES cell genorr
and the neomycin cassette located between exond 2 af theGdapXyene allowed fo
selection of ES cells that had successfully intesgtathe vector by the appropri
homologousrecombination. The negative selection DTA casslettated outside th
region of homology to the gene ensured that thedS in which random integratic
died. The DNA from the targeted ES cells was tanalysé by Southern blot analysi

Correctly tageted ES cells were microinjected into C57BL/6Jstdaysts an
transferred to the pseudopregnant CD1 females.nBnégnice were carrying pups
term and born chimaeras were identified by agoudatccolour contributiol
(characteristic of 129Sv mice). r the germ-line transmissiorchimer: mice were
crossed with C57BI/6J mice to obtain F1 mice cagyithe recombined alle
containing the floxe@dap! allele and Neo selection cassette. These mice mated
with Flp recombinasexpressing C57BI/6J Flp ne to remove the Neo resistar
cassette and generate a line of -excised floxed mice.
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Figure M1. null mice generation with genOwa technology. A)Target vector is electroporated ir
mice ES cells where homologous recombon takes place. B) Correctly targeteS cellsare injected
into a blastocyst which igansferred into a pseudopregnant foster motherchideras get born. C)1
germiine transmission chimera are crossed with C57Btemdnd successfully some offsprincll be
heretrozogous for DNA change. Crossheterozygousnice, the three possible genotypes are obte

Chimera heterozygous offspring Gdap1”™®%) were confirmed by Southern bl
analysis and tested by PCR for the presence oftdlgeted allele. re-mediated
excision was performed in vivo by cr-breeding mice harbouring cytomegaloviru
promoter (CMV) driven Cre transgene resulting ia genomic deletion (Gdapl exon
1 from the floxed allele during the early stages ewhbryonic development. ‘e
heterozygous Gdapdeficient founder miceGdapI”) were further crossed to obte
GdapI’*, GdapI” andGdap?" mice.

All the breeding from heterozygous Gd-deficient founder mice were done
Instituto de Biomedicina de Valencia (IBV) with thpproval of Bioethics Committe
of the Consejo Superior de Investigacic Cientificas (CSIC) and carried out
accordance with the Real Decreto 1201/2(All mice were maintained at 21 + 2°C
a 12 h light/dark cycle with food and waad libitum
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Genotyping.

Mice genotyping was performed on tail tip DNA exted with Maxwelf 16 mouse
Tail DNA purification kit (Promega) in a Maxwé&ll16 Magnetic Particle Processor
(MX3031. Promegaaccording to the manufacturer’s instructions.

Polymerase chain reaction (PCR) was performed uBxypand High Fidelity PCR
System (Roche) a two different approaches weregdedi Primers with melting
temperatures are showntable M1

PCR strategy 1 allowed to distinguish floGathpl (with loxP sequences around
deleting sequence), endogenous gene (without leduences) and deleted gene
(GdapI"). Endogenous gene amplified a product of 379floxedGdapla 490pb
product and deleted gene produced no amplificatio

PCR strategy 2 allowed to distinguBtiapl™ andsdapI’”when presence of
endogenoussdaplin detected previously. Wild type gene amplifiedgse product of
2700pb and exon 1 deleted gene amplified a 600pdiupt. SaGdapI’* mice presented
one longer band (2500pbdapI animals a shorter one (550pb) a@dapI’ mice
both of them (2500 and 550pb).

RT-PCR forGdaplandGdaplLlexpression.
Gdapl and GdaplL1lexpression was studied using reverse transcrigiaBgnerase
chain reaction (RT-PCR). RNA from tissues was &té@ using TRl Reagent (Sigma)
according to the manufacturer’s instructions. Oneragram of RNA was treated with
Dnase | (Sigma) to eliminate DNA contaminations &mhsformed into cDNA using
M-MLV reverse transcriptase enzyme (Sigma) and santiexamer primers. With this
product a normal PCR with Taq polymerase (Netzyfe¥mentas) was performed to
study Gdapland GdaplL1l expression.Gapdh was used as a housekeeping gene.
Primers with melting temperatures are showraivie V1
All PCR's products obtained after 35 cycles weeallm an agarose gel and stained with
ethidium bromide in order to detect DNA bands.
Gene direction sequence m
Gdapl mice genotyping
PCR1 Forward 5-TCATGCGAAATGGCTCGGAGG-: 65°C
Reverse 5-GGAACCCCTTCTCTCACTTTCCAGG-3’
Forward 5-CCTTGTTTCTCATCTACTCCTATTATCCGTAGG-3'

(0]
PCR2 Reverse 5-GGAACCCCTTCTCTCACTTTCCAGG-3’ 6r°C

Reverse Transcriptit
Gdapl Forward 5- ATGCGCTTGAACTCAGCTGG -3 580C
Reverse 5- GCCAGTGTAAAGGATTCTCC -3’

GdapilL1 Forward 5-ATGCGGCTCAACCTGGGTGAGG-3 68°C

Reverse 5-GGCAAAGCGTCTCTGGACCCTC-3

Gaodh Forward 5-ATGGTGAAGGTCGGTGG AAC-3 60°C
P Reverse 5-GCGGAGATGATGACCCTTTTGG-3'
Table M1. Primers used inGdapl null mice genetic characterizationPrimers sequences and melting

conditions are shown f@édaplgenotyping by PCR and f@daplandGdaplLlexpression by RT.

Real Time PCR for mitochondrial DNA copy number.
This work was done in Genomics and TranslationaheBes service of Centro de
Investigacion Principe Felipe (CIPF) in collabooatwith Laura Ramirez.
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Briefly, mitochondrial DNA copy number analysis b§S gene and genomic DNA of a
nuclear housekeeping gene ANG1 (Assay Applied Bitesys: Mm00833184_s1) were
quantified using the same amount of DNA input (Ereet al. 2013).

Western blotting.

Tissues were snap frozen on dry ice and homogemizgais buffer (50mM TrisHCI
pH 7.4, 1.5mM MgGl, 5mM EDTA, 1% Triton X-100, 50mM NaF, 1mM B\O3)
containing protease inhibitors (Roche). Tissue tgsavere quantified by Bradford
reaction (Bio-Rad) and p@ were use to the westerns blots. When it was sacgs
Amicon® Ultra-0.5 Centrifugal Filter Devices (Mitlore) were use in order to
concentrate lysates, mainly for sciatic nerve e&tsra

Denatured protein extracts were resolved sodiuneagdsulfate polyacrylamide gels
(SDS-PAGE) in a Mini-PROTEAR Electrophoresis System(Bio-Rad).

After electrophoresis, proteins were transferredoom PVDF membrane (BioTrace
PVDF, Pall Corporation) using Mini Trans-Blot® Cé€Bio-Rad) in a transfer buffer
consisting in 25mM Tris, 192mM Glycine and 20% nagtbl at 4°C.

After transferring, membranes were stained withd@an Red (Ponceau S 0,1%, 5%
acetic acid) to visualize transference.

Subsequent to several washes in water and oneondpiocking solution (5% dry milk
in T-TBS) incubation at room temperature, primanmtilzodies were also added.

Latter than several washes in T-TBS (20mM TrisH8I p5; 150mM NaCl and 0,1%
Tween-20, a final incubation with the appropriagcadary antibodies was done.
Finally, protein bands were detected using a Fagifias-3000 after incubation with the
ECL Plus Western Blotting Detection System (GE kheare).

The following antibodies were used to study GDARfression in mouse tissues: actin
(Sigma); B-tubulin (Invitrogen), ATP synthase (Invitrogen)D&P1 (Abnova) and
GDAP1 (Sigma). To study spinal cord damage catgl@ggma) for oxidation; and Bax
(Santa Cruz) andBcl2 (Cell Signalling) for apopsosiere used in combination with
actin (Sigma) as load charge control. All antibsdieferences and dilutions are shown
in table M2

Density of the bands was quantified by Multi Gauy®.1 software using.
Normalization using actin band quantification wasel for each protein quantification.
At list 3mice per condition were used to calculdite mean value and do comparisons
between wild type anGdapI mice.

|name |comercia| | reference | dilution |
GDAP1 Abnova H00054332-A01  1/1000
GDAP1 Sigma HPA014266 1/1000
ATPsynthase Invitrogen 459240 1/500
Actin Sigma A2066 1/4000
B-tubulin Invitrogen 32-2600 1/500
catalase Sigma C0979 1/500

Bax Santa Cruz N-20 sc-493 1/500

Bcl2 Cell Signaling 50E3 1/1000

Table M2. Antibodies used in western blotting expements. References and dilutions are shown.
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Phenotypic characterization experiments

Rota-rod test.

Motor performance and balance were tested usirgreaelerating rotarod (UGO Basile
Accelerating Rotarod). Each mouse underwent foaysdhe same procedure. The first
2 days were used to train the mice (five sessidris min each, walking at 4 r.p.m.).
The test sessions were run on day 3 and 4. Eatllags2 series of 3 trials with a 2
hours rest period between the 2 series and a 15esinperiod between consecutive
trials was performed. During the test the speethefrotarod was accelerated from 4 to
40 r.p.m. over a 5 min period. A different groupaoimals was used for each time point
of the study. At list 35 mice were use for eachesipent.

Two small group of littermates (6 null mice and@&tols) passed the test monthly in
order to better characterize the heterogeneitythadprogression of the disease. This
rota-rod test was named follow-up.

Time to animal fall each trial was measured. Averag animal (or animal each time
point in follow up experiments) was calculated genotype comparisons.

Balance beam test.

The beam apparatus consists of 1 meter beams \lahsurface or round surface of 12
mm or 5 mm width resting 50 cm above the table dopwo poles. A black box is
placed at the end of the beam as the finish pbiesting material from home cages is
placed in the black box to attract the mouse tditheh point. The time to cross 80 cm
is measured

On training days, each mouse has to cross thdéddiam 3 times, then 12 mm beam 3
times and then the 5 mm beam 3 times. On the tgsttones to cross each beam are
recorded. Two successful trials in which the modsg® not stall on the beam are
averaged (Luong et al. 2011).

Mean by animal (n=5) was calculated for genotypagarisons.

Pole test.

For performing this test the mouse is placed orerical wooden pole with its head
facing upwards. A normal mouse will grip the polefdre turning through 180° and
slowly climbing down to the base of the pole, laies to turn to descend once turned
and to complete the task are primary measured @r&ddDunnett 2009).

Mean by animal (n=5) was calculated for genotypagarisons.

Gait and footprint analysis.

Footprint analysis was modified from that descritbedrats by De Medinaceli et al.
(1982). This test allows assessing limb coordimaéind body weight support (rotation,
stride length, base of support. Mice crossed amithated alley, 70 cm length, 9 cm
width, and 6 cm height, before entering a dark hoxhe end. Their hindpaws were
coated with nontoxic water-soluble ink and thealleor was covered with sheets of
white paper. To obtain clearly visible footprintst least 3 trials were conducted
(Wietholter et al. 1990; Klapdor et al. 1997). Tlo®tprints were then scanned and
analysed with ImageJ software version 1.48a (RakbahS., ImageJ, U. S. National
Institutes of Health, Bethesda, Maryland, USA, iimagej.nih.gov/ij/, 1997-2015).
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For the morphometric gait analysthe following parameters were measured
centimetres or degrees:

SW

o Stride Length (SL)The line connecting the footpads of each
! were drawn, yieling the stride trajectorgWiethélter et al. 199
j Stride Length was measured as distance betwedhitdeoe from
QD SA one print and the same positin the next step of the same p:

‘ Stride Angle (SAThe line connecting the first toe of opposite p:
\ in one step side were drawn, yielding the striggettory. The
- Stride Angle was the angle formed in between twasecutive
r connecting lines
Stride Width (SW).The lines connecting the footpads of each
were drawn, yielding the stride traject (Wietholter et al. 199
The perpendicular diance of the opposite footpad to that line is
st Stride Width

) Figure M2. Representative scanned walking track from a \ild type 12
"r, months old mice. Only hind paws are displayed. Gait print parametnes
shown: Stride LengttSL), Stride Angle (SA) and Stride Width (SW

For the morphometric footprint analysthe following parameters were measure(
centimetres:

Plantar or Print length (PLThis is the distance between the print of the thoe anc
the most proximal pardf the foot visible on the paper (cuneiform or cabbone
(Wietholter et al. 1990).

Toe spreading (TS)his is the distance between the printshe first and the fifth to
(Wietholter et al. 1990).

Intermediate Toes (TSThis is the distance between the prints of the se¢@nd the

forth toe(Klapdor et al. 199'. -

TS

Figure M3. Representative fotprint from a WT 12 months old mice. Only
left hind paw is displayed. Footprint parameters shown: Plantar Leng PL
(PL), Toe Spreading (TS) and Intermediate Toes. (

The average from four (two from left and two fromght paw, for the footprin) or six
measurements (three for each side, for gait prin) were obtain or each animal.
Averagewere calculated for each group of 5 nto do comparisons.



122 | GDAP1-related CMT mouse model

Histological procedures

Tissue fixation and sections obtaining.

Mice were sacrificed by gentle cervical dislocatiddistal big muscles (Soleus&
Gastrocnemius and Quadriceps), lumbar spinal codi BRG were dissected and
immediately fixed in 4% paraformaldehyde (PFA) iBS? For muscles and lumbar
spinal cord, fixation on PFA was done over nightaim temperature, for DRG only
20min were necessary.

After fixation, a 70% ethanol step was added pt@mmount tissues in cassettes and
introducing them in the tissue processor (SpinugsBrocessor STP 12, Myr) where
tissues were included in paraffin. Tissue procepsotocol was: 1h in 70% ethanol, 3h
in 96% ethanol, 90 min in a new container with 9é#tanol, 2 h in 100% ethanol, 6 h
more in a new 100% ethanol, 90 min in xylene, 150 m xylene again, 150 min in
liquid paraffin (60°C) and 2 h more in new paraffin

Afterwards, tissues were embedded in paraffin tdo@dodular Tissue Embedding
Center 350, Myr).

Microtome (Rotary microtome HM 340 E, Microm) wased to slice paraffin blocks in
10pum-thick sections for muscles and spinal cord, 4pm-thick sections for DRGs.
Slices were collected from a 40°C water bath andntea in a microscope slide.

Haematoxylin&Eosin and Nissl staining.

Haematoxylin has a deep blue-purple colour anchstaucleic acids by a complex,
incompletely understood reaction. Eosin is pink atains proteins non specifically. In
a typical tissue, nuclei are stained blue, whetbascytoplasm and extracellular matrix
have varying degrees of pink staining (Fischel.2G08).

The Nissl-staining method is based on the intevaadif basic dyes such as cresyl violet,
with the nucleic acid content of cells. These dge bind to the DNA content of the cell

nuclei, but also to the RNA that is highly concatgd in rough endoplasmic reticulum
and ribosomes (Nissl substance) in the cytoplasnteSheurons are very active protein
synthesizing cells, the cytoplasm of these cellstaia high concentration of rough

endoplasmic reticulum. Nissl staining can spedifycatain the cytoplasm of neurons
without recognizing the perikarya of other celludements in the brain (Kadar et al.
2009).

Microscope slides containing paraffin sections waezed in a slide metal holder. For
deparaffinise slices, holder was kept at 64°C fgrlDmin in xylene and 10min more in
a new xylene container.

For rehydrate sections several steps of percekegmending ethanol were done (100%,
100%, 96%, 70% and 50%) to finally keep them 2midistilled water.

For haematoxylin staining, slices were immerseHlanris haematoxylin for 10min and
then rinsed under tap water for 5min.

For eosin staining, slices were immersed in eosm3Ds and fixed in re-used 96%
ethanol for 1min.

A last dehydrating step was done passing sectibnsugh an increasing ethanol
percentage container (50%, 70%, 96%, 100%, 100%6gllfz, holder was kept in
xylene for 10min (2 times).
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For Nissl staining, same protocol that for Haemghio& Eosin was used only

changing the staining part. This time slices weneersed in 1% w/v Cresyl Violet
(Sigma) plus 1% v/v Glacial Acetic Acid for 2mindathen rinsed under tap water for
5min.

Slides were dry and mounted with DPX mounting medand observed under research
microscope (Leica DMRXAZ2 microscope plus Leica DBGBX colour camera).

MN counting in Spinal cord.

The lumbar region of the spinal cord (L1-L5) waegassed for paraffin embedding.
300 serial cross sections (@0 thickness) of the lumbar spinal cords were made
(300Qum or 3mm total length), among which every fifth ts@t (50 sections examined
per animal) was processed and Nissl stained.

The anterior horn (either left of right) of staingelctions were analysed microscopically
(Leica DMRXA2 microscope, Leica DFC300FX colour e 40x 0.75NA)

All cells were counted within the ventral horn belan arbitrary horizontal line drawn
from the central canal. Morphological criteria wetlso employed, so that only large
polygonal neurons in which the nucleolus was cleadible at high magnification were
included in the counts.

At list 3 mice per condition were used to calcul#te mean and do comparisons
between wild type anGdapI mice.
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Neuromuscular Junctions occupancy in distal large mnscles

Muscle election.

First of all, it's important to remark that wherafzing neuromuscular junction (NMJ)
morphology, muscle choice is of great importanaen® of the primary considerations
might include muscle fibre type, body position, armimparative analysis to human
conditions.

We selected gastrocnemius because Betayed SynapsingDeSyn) muscles. In a
DeSyn muscle, focal AChR clustering and maintenashgeends critically on nerve-
derived factors, whereas this dependence is mucte rimited in Fast Synapsing
(FaSyn) muscles (Pun et al. 2002).

Often, however, muscle choice is influenced by eds#issection. Consequently, NMJ
analysis is often performed exclusively on largepeaplicular muscles such as
Gastrocnemius. To obtain good NMJ staining in smciscles, sectioning or mechanical
disruption of muscle fibres is often required. Aseault, the innervation pattern may
become disrupted and a comprehensive and high tyjuahalysis of innervation
patterns, sprouting and dennervation is often comjed (Murray et al. 2014). When
using such muscles a technical expertise is regjrelissect them without damage.

NMJ's labelling in the whole muscle.

Gastrocnemius (containing also soleus) dissectias @one after mice were sacrificed
by cervical dislocation. The muscle was carefully apart and immediately covered
with 4% paraformaldehyde (PFA) for an incubatior2@fminutes at room temperature.
After washing three times in PBS for 10 minuteset@choline receptor from the
postsynaptic part of the neuromuscular junction wtsned witha-Bungarotoxin-
tetrametylrhodamine (Sigma) in PBS for 20 minuta®am temperature.
Subsequently, the muscles were washed again (tinmes in PBS for 10 minutes) and
penetrated with ice-cold methanol for 5 minutes2Q °C.

After a new washing, a blocking solution containRfg bovine serum albumin (BSA,
Sigma), 0.2% Triton X-100 and 0.1% Sodium Azide wapplied for 1 hour at room
temperature.

Spent this time, the presynaptic part of neuromlasgunction was label with a rabbit
polyclonal antibody against IB-tubulin (Sigma); the antibody was applied in blioagk
solution over night at room temperature. All antlles references and dilutions are
shown intable M3

After washed over again, a secondary Alexa 488ugaed polyclonal antibody
(1:100, Invitrogen) was diluted in the blocking wodn and applied for 5 h at room
temperature. Prior chopping the muscles, a lashigstep was done.

Finally, the whole gastrocnemius was manipulateeuriie dissection microscope to
chop it in a sagital plane. Slices were cut maguaith a scalpel and mounted with a
Fluoromont-G Solution (SouthernBiotech) on a micope slide. It's important to
remark that all the process was done in a rotatbaker at room temperature apart from
postfixation step with methanol that was done cidlir at -20°C.

[name | comercial | reference | dilution |
BTX Sigma TO0195 10pg/mil
B-tubulin 111 Sigma T 2200 1/500

Table M3. Antibodies used in Neuromuscular Junctioriabelling. References and dilutions are shown.
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NMJ's imaging and quantification.

The whole gastrocnemius (with the soleus) was dibioh 10 pieces that were analysed
with a Leica True Confocal Scanning SP8 imagindgesps(DMI6000 microscope, 40x
1.3NA apochromat oil immersion objective).

Scoring of endplate occupancy was done at low p@4@x objectives) magnification
by digital stitching of contiguous z-series (eacBbn) obtained using the confocal
microscope. An endplate was scored as occupidrbietwas evidence of contact by an
overlying IlI-B-Tubulin nerve terminal with the-Bungarotoxin-tetrametylrhodamine
AChRs stained motor endplate area. If the AChRtefuwas not fully filled by the
presynaptic axon the endplate was scored as capmd (Wong et al. 2009). All NMJ
counted were positive to neuronal and muscle marikeorder to avoid aneural AChR
clusters (Wu et al. 2010).

Data analysis for NMJ occupancy.

For the morphological analysis of the neuromuscatatplates three control and three
Gdapl™” mice for each age were studied. More than 100 MMk studied for each
group.

Experiments were done in parallel with WT and KOnpkes to reduce variability
between experiments. Occupied NMJ percentage dl tobunted number was
calculated for each animal, mean was obtained &whegenotype and age (n=3)
(Krieger et al. 2013).
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Electrophysiology

GdapI"and wild type mice of 2 and 5 months olc4) were send from Valencia
Lausanne where motor nerve conduction studies wene in collaboration with C
Roman Chrast from Departm: of Medical Genetics, University of Lausani
Lausanne, Switzerland. Special thanks to Dr. Jenrdfenker for performing ar
helping to analysthe electrophysiological experimetr

Briefly (adapted fromMallik & Weir 2005; Katirji et al. 201, moior studies are
performed by electrical stimulation of a nerve aedording the compound musi
action potentia(CMAP) from surface electrodes overlying a musalppdied by tha
nerve. The recording electrodes are performed usihgesive conductive pe placed
onto the skin overlying the target muscle. Thevacéllectrode is placed over the mus
belly and the reference over an electrically inacsite (usually the muscle tendon)
ground electrode is also placed somewhere betweenstimulating ad recording
electrodes providing a zero voltage reference pdiné sciatic nerve motor study mic
involve stimulation at the ankle and the (figure M4).

Figure M4. Representative image of motor nerve conductio
study in mice. Proximal (stl, hip) and distal stimulation (st2kla)
are represented.

The CMAP is a summated voltage response from th&/idual mucle fibre action
potentials {igure M5). In the CAMP response we can measure severamgbess:
amplitude area, duration and laten

The CMAP amplitude is measured from baseline to negative peak
neurophysiological convention is that negative agét is demonstrated by an upw
deflection) and measured in millivolts (mV). CMARplitude reflects the nuber and
size of muscle fibres that ultimately fi

The CMAPareais conventionally measured between the baselinenagative peal
CMAP also reflects the number of muscle fibreshia CMAP. CMAP area is measur
in mv/ms. Differences between distal aproximal stimulation sites assume spe
significance in the determination of conductionddddrom a demyelinating lesio

The CMAP duration is usually measured from the initial deflection terminal
deflection back to baseline (total duration). CM@duration is a measure of synchrc
(i.e., the extent to which each of the individualsde fibres fire at the same tim
Duration measurements are usually in milliseconus)

Thelatencyof the CMAP is the time from stimulus to the init@AMP deflecton from
baseline. It is the time from stimulus artefacbtwset of the response and is a biph
response with an initial upward deflection followeyg a smaller downward deflectic
Latency includes three separate times: (1) nermelwction time fromhe stimulus site
to the NMJ, (2) the time delay across the NMJ &)dHe depolarization time across
muscle fibres. Latency measurements are usuathlliseconds (ms
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In the normal state stimulating the sciatic nervéha ankle and the hip relts in two
CMAPs of similar shape and amplitudfigure M5) because the same motor ax
innervate the muscle fibres making up the respohrsmvever, the latency will b
greater for hip (proximal) stimulation comparedwénkle (distal) stimulation becze
of the longer distance between the stimulatingracedrding electrode:
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artifact
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Figure M5. Representative CMAP respons: Left image shows detailed all the CMAP paramet
amplitude, area, duration and latency. Right imstgevsCMAP response to distal and proximal stimt
(DL: distal latency; PL: proximal latency). Loweght image shows a motor axon connecting with
muscle fibre; distal and proximal stimulation sigge represented (A: the nerve conduction time frioa
distal stimulation site to NMJ; B: the NMJ transmisstime; C: the muscle depolarization time; D:
nerve conduction time between proximal and distehidation sites). If distal latency (A+B+C)

subtracted from proximal latency (A+B+C+D), onlyetiméeve conduction time between the distal i
proximal stimulation sites (D) remains. Measurihg distance between these two sites we are al
calculate MNCV: distance (mm)/D(m

Motor Conduction Veloci is a measure of the speed of the fastest ccting motor
axons, which is calculated by dividing the distatravelled by the nerve conducti
time. However, motor conduction velocity cannotdadculated by performing a sing
stimulation. Motor latencies include nerve condugttitime, NMJ transmiion and
muscle depolarization time. Thus, to calculate @omconduction velocity, withot
including NMJ transmission and muscle depolarizationes, two stimulation site
must be used: one distal and one proximal. Wherdigtal latency is subtracterom
the proximal latency, then only the nerve condurctime between the proximal and f
distal stimulations remains. The distance betwelesd two sites can then

approximated by measuring the surface distance illimmtres. Thus, conductio

velocity is usually measured in meters per second (
distance between distal and proximal stimulation site
MNCV (m/s) = d pox -

proximal latency— distal latency



128 | GDAP1-related CMT mouse model

Morphometric analysis of Sciatic nerve

Sciatic nerve dissection, fixation and imaging.

Same animals of 5 month old that were use to aedlygrve conduction velocity were
use to study sciatic nerve ultrastructure (n=4ksBction and fixation of sciatic nerves
were done in collaboration with the laboratory of. Roman Chrast (University of
Lausanne). Dra. Jennifer Zenker was helping ustjréy receiving and taking care of
animals.

Quickly, sciatic nerves were dissected and fixednbmersion in 2,5% glutaraldehyde
for 2 h at 4°C, washed in 0.1 M cacodylate buffed 7.3), and osmicated for 4 h in 1%
OsQ, (Fluka). Nerves were rinsed in water, dehydrated] embedded in Epon 812
resin (Fluka). Half-micrometer sections were stdineith 1% toluidine blue and
examined by light microscopy.

For electron microscopy analysis, ultrathin sedioand imaging were done in
collaboration with Instituto Valenciano de Patobngbarticularly with the laboratory of
Dr. Jer6nimo Forteza. Mario Soriano (biologist aechnician) was helping us directly.
Briefly, sciatic nerves were post fixed with 2 %rogm and 2 % uranyl acetate, rinsed,
dehydrated and embedded in epoxi resin (DurcupBmen, resin embedded sciatic
nerves were cut, collected on coated single sloisgand stained with lead citrate.
Finally, photomicrographs were obtained under asim@ssion electron microscope FEI
Tecnai G2 Spirit (FEI Europe) using a digital caasmdforada (Olympus Soft Image
Solutions GmbH).

Number of mitochondria, myelinated fibre density aive.

To morphometric analysis, 10 non-overlapping imagese photographed at 2,550
magnification for each sciatic nerve slice. Thelgsia was performed with ImageJ
software version 1.48a (Rasband, W.S., ImageJ,.WN&lonal Institutes of Health,
USA, http://imagej.nih.goV/ij/, 1997-2015). Imagesre binarized and all myelinated
axons were count. Data from 4 mice (around 1200nsxaevere counted for each
condition. "Analyse Particle” tool was use to measall axons and "Cell Counter"
plugin was use to count all mitochondria insideresxo

g-ratio.
Rushton (1951) was the first to present the ratatigp between axonal diameter and the
thickness of its myelin sheath as a g-ratio (geratiaxonal diameter/outer diameter of
the whole nerve fibre) (Ugrenavet al. 2015; Paus & Toro 2009).

|: Axon

Figure M6. g-ratio representation. Drawing of g-ratio calculation in
myelinated axons.

To analyse g-ratio, same images than previous ewpet were usedg-ratio was
obtained using "g-ratio” plugin from ImageJ (versi®.48a, National Institutes of
Health, USA, http://imagej.nih.gov/ij/, 1997-2018y manually tracing myelin and
axons on micrographs. Computed values from 3 mi#80 (randomly selected
myelinated axons) were counted for each condition.
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Adult Dorsal Root Ganglia (DRG) cultures experimensg

Animals for adult DRG cultures.

All these experiments were done in Instituto denBadicina de Valencia (IBV) with the
approval of Bioethics Committee of the Consejo Sigpele Investigaciones Cientificas
(CSIC) and carried out in accordance with the Resdreto 1201/2005.

Adult DRG cultures.

Adult mice aged 5-7 months were humanely killedcbwvical dislocation. DRGs were
dissected and kept in L15 medium (Gibco) over night

Dissected DRGs were washed in F12-medium (Gibdoy po starting the dissociation
protocol. Washed DRGs were incubated with 0.2%agelhase type | for 30 min at 4°C
and for 1 h at 37°C. Next incubation was done 5% trypsin (Gibco) for 30 min at
37°C. Finally, 1% DNase (Sigma) was add for 5 ntiR&a.

After a last wash in F-12 medium, DRGs were dilutedr-12 medium supplemented
with 2 mM glutamine (Gibco), 62.5 ng/ml progestexqisigma), 16.g/ml putrescine
(Sigma), 400 ng/ml L-thyroxine (Sigma), 337 ng/mibdothyronine (Sigma), 38 ng/ml
sodium selenite (Sigma), 0.35% Albumax Il (Gibco).6% antibiotic-antimycotic
(mixture of penicillin, streptomycin and amphotani®& from Gibco). DRGs were then
gently dissociated using a Sigmacote (Sigma) tdeR#esteur pipette.

Finally, dissociated DRG were plated on a precodt@mm glass coverslips. Coating
state was done incubating coverslips with 0.05%-dl-ornitine (Sigma) overnight at
room temperature followed by washing and incubatigth 20 ug/ml laminin (Sigma)
for at list 4 hours at 37°C. Adult DRG cultures wanaintained at 37°C in a humidified
incubator under 5% Cf£at a density of 2000 cells per plate.

A mixture of neurotrophins (NT3NGF and BDNF all from Peprotech, at 10ng/ml
each one) were added to the medium at 2 and #ndivder to favour the neuronal
growth (Valdés-Sanchez et al. 2010).

Immunostaining of DRG cultures for characterization

For neuronal gross morphology and mitochondriaattarization, 5 div DRG cultures
were fixed with 4% paraformaldehyde in PBS for 2@h.nAfter 3 rinses in PBS,
permeabilization and blocking was done by inculgatinth 3% horse serum and 0.2%
Triton X-100 in PBS for 30 min at room temperature.

Neuronal cells were stained using monoclonal rabbii$-tubulin 11l (Sigma) for
discriminate neurons and monoclonal mouse anti@ytwme c (Invitrogen) to
mitochondria labelling. After 4°C overnight staigim blocking solution and several
washes in PBS, neurons were incubated for 1 h amrdemperature, with
fluorochrome- labelled secondary antibody alexa-488 TexasRed (1:400; Sigma),
also in blocking buffer.

A last staining was done with DAPI for nuclei vifimation. Finally, neuronal cultures
were washed again and mounted in fluoromount G.
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For microtubules stability quantitative analyseslid DRG cells were cultured without
neurotrophins. To assess acetylated, tyrosinated, tatal tubulin integrated in
microtubules without unpolymerized tubulin subunislls were simultaneously fixed
and permeabilized 24 hours after plating in PHENfdsu(60 mM Pipes, 25 mM Hepes,
5 mM EGTA, and 1 mM MgG) containing 0.25% glutaraldehyde, 4%
paraformaldehyde, 4% sucrose, and 0.1% Triton X4b®QL5 min at RT. Later than
washing in PBS and quenching in 50 mM ammonium ratdofor 5 min, cells were
blocked for 45 min at RT. The blocking solution smted of 10% foetal bovine serum
(Gibco) and 0.1% Triton X-100 in PBS (adapted fidftte et al. 2008).

Double-staining was done. For microtubule acetytatexperiments, 4°C overnight
incubation with mouse anti-acetylateetubulin (Sigma) and rabbit anHubulin 111
(Sigma) was performed. For microtubule tyrosinatexperiments, incubation with
mouse anti-tyrosinateg-tubulin (Sigma) and rabbit anti- artitubulin 111 (Sigma) was
performed also at 4°C overnight. As secondary adigs anti-mouse-Alexa-488
(1:1000; Sigma) and anti-rabbit-Alexa-633 (1:20@gma) were used 1 h at RT.
Finally, dissociated DRGs were mounted in DAPbflamount G.

[name | comercial | reference | dilution |
B-tubulin 111 Sigma T 2200 1/1000
Cytochrome ¢ Invitrogen 33-8200 1/200
ATPaseV Invitrogen 459240 1/500
Tom20 Sigma HPA011562 1/300
acetylatedr-tubulin ~ Sigma T7451 1/20000
tyrosinatedh-tubulin  Sigma T 9028 1/2000

Table M4. Antibodies used in adult Dorsal Root Ganlga cultures characterization. References and
dilutions are shown.

Soma area and morphology study.

Imaging of neurons for morphology study was perfdnon a Leica True Confocal
Scanning SP2 imaging system (DMIRE2 microscopecd dDFC280 camera, 63X
1.4NA apochromat oil immersion objective). Imagegevacquired with Leica Confocal
Software. For morphology characterization number pobcesses was counted at
acquiring time. Z axis was used to be sure how nmeyites belonged to one neuron.
Images were scaled and binarized with ImageJ softwersion 1.48a (Rasband, W.S.,
ImageJ, U. S. National Institutes of Health, Betl®es Maryland, USA,
http://imagej.nih.gov/ij/, 1997-2015) to do the reegements.

This study was done with 5 and 7 months mice. #t30 neurons for each condition
was counted.

Mitochondria distribution inside neurites.

Imaging of neurons for morphology study was perfednon a Leica True Confocal
Scanning SP2 imaging system (DMIRE2 microscopecd dDFC280 camera, 63X
1.4NA apochromat oil immersion objective). Imagegevacquired with Leica Confocal
Software at same time as morphology study.
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Neurite length and microtubule stability quantitatanalysis.

For fluorescence quantification all the immunosgdirtoverslips were kept at 4°C for
48h prior to image capture. In order to avoid Méoies because of the time spent to take
the images, same day were imaged wild type @uhpI cultures, under same
conditions. This study was done with 5 months milist 60 neurons form 2 mice
were imaged for each condition.

Imaging of acetylated and tyrosinated tubulin wadgrmed on a Leica True Confocal
Scanning SP8 imaging system (DMI6000 microscope H3INA apochromat oll
immersion objective plus 0,75 zoom). Stacks of z-axere done with the purpose of
collecting the fluorescence of the entire neunitgtead of working only with one axis.
Stacks of 6 images separated by Qu2i along the z-axis were acquired using multi-
channel imaging on LAS AF 3 software.

All image processing was performed in ImageJ saftwersion 1.48a (Rasband, W.S.,
Imaged, U. S. National Institutes of Health, Betla®es Maryland, USA,
http://imagej.nih.gov/ij/, 1997-2015).Maximum prof@ns for each stack was used to
quantification. Neurite was select in theubulin Il channel and fluorescence intensity
was measured in acetylated or tyrosinated tubufianoel. Data was expressed in
arbitrary units of fluorescence per micron of ldngAU/pm). As same time as neurite
was select, length of 3 longest was quantified gtlermvas expressed in micron (um).
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Postnatal DRG and SCG cultures experiments

Animals for ganglia cultures.

All these experiments were done in Babraham Irtstitunder the supervision of Dr.
M.P. Coleman (Gilley 2010; Milde 2014). Head anthapcolumn of 1Gdap1™ (wild
type) and 35dapI” mice were sent from Valencia. The same tissuen 8dC57BL/6J
Babr control animals were obtained in Babrahamsaject to the same time on ice.

Postnatal DRG and SCG cultures.

SCG and DRG were dissected from P1-P2 pups andikelepb medium at 4°C until
dissociation. For ganglia cultures from Valenciaepihead and spinal column of each
animal were shipped in Hibernate A medium (Gibcd)sp mM glutamine, 1%
penicillin/streptomycin, 100 ng/ml 7S NGF (all ltndgen), and 2% B27 50X (Gibco)
in a low temperature box (cool but not frozen). Wltlee tissues arrived to Babraham,
dissection of SCG -from the head- and DRG -fromgjhieal column- was done.
Dissected SCG and DRG ganglia were incubated iB59®0trypsin (Sigma) in PBS
(without CaC} and MgC}) for 30 min at RT. The following incubation was 2%
collagenase type Il (Gibco) in PBS for 30 min aP@7Ganglia were then gently
triturated using a pipette. Dissociated gangliaenecubated 2 hours as a pre-plating
stage in a non treated plastic dish (37°C, 5%)CAfter this pre-plating stage non-
neuronal cells attached to plastic dish and neuveere recollected and plated in a 1
cn? poly-L-lysine and laminin-coated area of normab 8m dishes ibidi m-dishes
(Thistle Scientific) for microinjection experiments

SCG cultures were maintained in Dulbecco’s Modifiezhle’s Medium (DMEM) high
glucose with 4,500 mg/L glucose and 110 mg/L sodipynuvate (Sigma), 2 mM
glutamine, 1% penicillin/streptomycin, 100 ng/ml R&F (all Invitrogen), and 10%
fetal bovine serum (Sigma). 100 ng/L Aphidicolina{iochem) was used to reduce
proliferation and viability of non-neuronal cells.

DRG cultures were maintained in Dulbecco’s Modiftegigle’s Medium (DMEM) high
glucose with 4,500 mg/L glucose and 110 mg/L sodipynuvate(Sigma), 2 mM
glutamine, 1% penicillin/streptomycin, 100 ng/ml N&F (all Invitrogen), and 2% B27
50X (Gibco). As same as SCG, 100 ng/L Aphidicoldalpiochem) was used to reduce
proliferation and viability of non-neuronal cellSi(ley & Coleman 2010).

Plasmids for microinjection.

GDAP1 plasmids (Pedrola et al. 2008) were shippeWatman paper from Valencia
(Spain) to Babraham (United Kingdom). Watman pap&s put into an eppendorf with
MilliQ water for several hours prior to transfornubgloning efficiency DHb5alfa
competent cells (Invitrogen).

QIAprep Spin Miniprep Kit (Qiagen) was used in arde obtain again plasmids. All
constructs were verified by DNA sequencing (Cogeniark UK) to be sure that
mutations of Gdapl and Gdapl not mutated were aiagd and cloned properly.
EndoFree Plasmid Maxi Kit (Qiagen) was used to iab@adotoxin free plasmids more
concentrated than the Miniprep products.

For mitochondria marker, mito-tagRFP (Milde et 2013) was kindly provided by Dr
Stefan Milde (Brabraham, UK).
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Microinjection of ganglia cultures.

Microinjection was performed on a Zeiss AxioverD2@icroscope with an Eppendorf
5171 transjector and 5246 micromanipulator systechEgppendorf Femtotips. Plasmids
were diluted in 0.5xPBS and passed through a Spiiftet (Costar). The mix of one
GDAP1 plasmid plus mito-tagRFP was injected diyerito the nuclei of SCG and
DRG neurons in dissociated cultures (Gilley & Caden2010).

In order to use the same animals for SCG and DRfares, dissection and plating of
SCG and DRG was done the same time. MicroinjeaioDRG was done after 4 days
"in vitro"(div) and SCG after 6 div.

Thirty to sixty neurons were injected per dish. Fesurons injected per dish facilitated
visualization of individual labelled neurite aggnd to cluster together in bundles.

Live imaging of mitochondria transport in gangligtares.

Imaging of mitochondria transport in SCG and DRGrnes in dissociated cultures
was performed on an Olympus Geiinaging system (IX81 microscope, Hamamatsu
ORCA ER camera, 100x 1.45 NA apochromat objectileling imaging, dissociated
cultures were maintained in the proper medium &C3inh an environment chamber
(Solent Scientific). Images were captured at 1 &gmer second for 2 min (Gilley &
Coleman 2010; Milde et al. 2015). Five to ten indidal movies (often containing
multiple neurites) were captured for each primarifuze. The live imaging was done
one day after microinjection, 5div for DRG and 7tbvy SCG cultures.

Image processing and quantification of gangliaureld mitochondria.
Individual neurites were straightened using thei§hten plugin in ImageJ software
version 1.48a (Rasband, W.S., ImageJ, U. S. Ndtimstitutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/, 1997-2015Axonal transport parameters
were determined for individual axons using the &iince Tracker set of ImageJ
plugins (Andrews et al. 2010). Analysis parametgese set up for those images in
order to not lose fast mitochondria (Enhance Cashtr&aturated=5, Normalized all;
Minimum difference=10; Difference frame offset=4;ifnum tracked intensity=20;
Minimum feature size=2; Initial flexibility=15; Swlequent flexibility=7; Min track
length= 4).Number of mitochondria in 1000 pixelgel@age speed, maximum speed and
particle volume data were used to calculate nundfermoving mitochondria in
100um/sec, average speed (Lum/sec), maximum spea@dgg), moving mitochondria
size (um).

Total track count and the total particle count fromarized first image of the stack was
use to calculate the percentage of moving mitochantlVith the same binarized first
image of the stack we calculate the maximum diandtstatic mitochondria.

Data analysis and statistics for ganglia culturégschondria.

At list 30-40 neurites were analysed in this expent for each condition (Wild Type,
GdapI and rescued). 15-45 neurites were analysed foatioos.

As wild type population is a mix data of one anirfram Valencia and 3 animals from
Babraham, normality and comparison test were dormeder to check the data for each
parameter were not statistically different (p-vatu®.05) in between this two group of
animals.
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Sciatic nerve explants experiments

Animals for Sciatic nerve explants.

All these experiments were done in Centro de Ingasion Principe Felipe (CIPF).
Animal work was approved by the CIPF's ExperimeotaCommittee and carried out
in accordance with the Real Decreto 53/2013.

GdapI'mice were crossed with mito-Dendra2 homozygotes ;1BHBS6-
Gt(ROSA)26Sortm1.1(mito-Dendra2)Dcc/J from Jackkahoratory) in order to label
sciatic nerve mitochondria for live imaging. Dendtais a green-to-red irreversible
photoswitchable monomeric protein, it's fusion withe mitochondrial targeting
signalling of subunit VIII of cytochrome c oxidagenerates "mito-Dendra2", capable
of mitochondrial-specific fluorescence. In thisastr mito-Dendra2 is introduced into
the ubiquitously-expressed Gt(ROSA)26Sor gene doeas of a CAG (CMMBactin)
promoter. All organs isolated from these animalilex bright green fluorescence
localized specifically to the mitochondrial comaeint.
(http://jaxmice.jax.org/strain/018397.html)

Male mice of 1 month old heterozygous for mito-Dex&dand homozygous f@&dapl
were used for this experiment comparison. Thu§dapI’ /mito-Dendra?” and 2
GdapI'/mito-Dendra2” were compared.

Sciatic nerve explants.

Mice were humanely killed by cervical dislocatio8ciatic nerves were dissected
rapidly and immersed immediately into pre-warmed7°(d, pre-oxygenated
Neurobasal-A medium (Gibco) (Milde et al. 2015).

Live imaging of axonal transport in Sciatic nerve.

Imaging of axonal transport in sciatic explants vpa@sformed on a Leica TCS SP2
AOBS (Leica Microsystems Heidelberg GmbH, Mannhedgrmany) inverted laser
scanning confocal microscope using 63X Plan-ApatiatsLambda Blue oil objective
(1.4 N.A)

Images were captured at 1 frame each 2 secondrfon 2nd all confocal images were
acquired using the same settings. During imagingtiscnerve were maintained in
oxygenated Neurobasal A medium at 37°C in an emgrd chamber (PECON
System). Six to ten individual movies (containingltiple axons) were captured for
each sciatic nerve explant.

The order of imaging was varied randomly betweamals of different genotype.

Image processing and quantification of sciatic aenitochondria.

Individual axons were straightened using the Stiteig plugin in software version 1.48
(Rasband, W.S., ImageJ, U. S. National Institutddealth, Bethesda, Maryland, USA,
http://imagej.nih.gov/ij/, 1997-2015).Axonal tramsp parameters were determined for
individual axons using the Difference Tracker sktmageJ plugins (Andrews et al.,
2010).
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Analysis parameters were set up for those imagesder to not lose fast mitochondria
(Enhance Contrast, Saturated=5, Normalized all;iflirm difference=39; Difference

frame offset=1; Minimum tracked intensity=30; Mmim feature size=4; Initial

flexibility=22; Subsequent flexibility=17; Min tr&dength= 4).

Number of mitochondria in 1000pixels, average speeaximum speed and particle
volume data were used to calculate number of mowmitpchondria in 100um/sec,

average speed (um/sec), maximum speed (um/secingnontochondria size (um).

The total particle count from binarized first imagkthe stack and total track count
were used to calculate the percentage of movingamindria. With the same binarized
first image of the stack the maximum diameter afistmitochondria was calculated.

A total number of axons of 143 for wild type andD18r GdapI were analysed in this
experiment.

Statistical analysis of data

Normality test were used for each evaluated pammiet order to use the proper
comparison test (Student's t test or Mann—Whitdeest). Statistical differences were
assumed when p-value of appropriate comparisonmastunder 0.05 (*), 0.01 (**) or
0.001(***).
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Type | Gene Age of onset ‘ Evocative phenotypes
Autosomal dominant CMT1 (AD-CMT1)
PMP22
CMT1A (dup) All ages Classic form. Hypertrophy of nerves
Recurrent entrapment neuropathies. Multifocal
HNPP PMP22(del) | 2 to 64 years neuropathies
CMT1B MPZ 1st-2nd decade| Clinically more severe than CMT1A
Abnormal gait. Occasional nerve hypertrophy.
CMT1C LITAF Childhood Rarely deafness
DSS/CHN. Possible cranial nerve involvement.
CMT1D EGR2 1st decade Scoliosis
CMT1E PMP22 Childhood Associated with deafness
CMT1F NEFL 1-13 years CMT1 with early onset. Severe disease
Skin hyperelasticity. Age-related macular
CMT ‘plus’ | FBLN5 4th—5th decade | degeneration
Autosomal dominant CMT2 (AD-CMT2)
6 months to| Prominent distal weakness. Late proximal weakngss.
CMT2A MFN2 50 years Optic atrophy. CNS involvement
Severe sensory loss. Foot ulcers. Arthropathy |and
CMT2B RAB7 2nd decade amputations
Younger more severe. Motor predominance. Vacal
CMT2C TRPV4 Birth to 60 yearg cord, diaphragm, respiratory involvement/dHMN
CMT2D GARS 16 to 30 years Distal upper limb predominance dHMN
CMT2E NEFL 1st-5th decade Hearing loss. Hyperkeratosis
CMT2F HSPB1 Adult Classic/dHMN
CMT2G 12912-913.2| 2nd decade Classic
CMT2| MPZ Late Classic
CMT2J MPZ Late Deafness and pupillary abnormalities
CMT2K GDAP1 Variable vocal paralysis and pyramidal features
CMT2L HSPBS8 15 to 33 years Classic/dHMN
CMT2M DNM2 1st-2nd decade| Tremor
CMT2N AARS 15 to 50 years Classic
CMT20 DYNC1H1 | Early childhood | Sometimes learning difficulties
CMT2P LRSAM1 27 to 40 years Mild. Sometimes asymmetry
CMT2Q DHTKD1 13 to 25 years Classic CMT
HMSN-P TFG 17 to 55 years Proximal involvement. Tremor. Diakeanellitus
CMT2 HARS Late onset Sensory predominant
CMT2 MARS Late onset Motor-sensory
CMT2 MT-ATP6 1st-2nd decade| Motor predominant. Pyramidal signs

Dominant and

recessive X linked CMT

ptic

CMTX1 GJB1 1st-2nd decade| Classic. Occasional deafness
CMTX4 AIFM1 Early childhood | Mental retardation. Deafness
Mild-moderate neuropathy. Deafness. Late o
CMTX5 PRPS1 Childhood atrophy
CMTX6 PDK3 Childhood Classic CMT
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Type | Gene ‘ Age of onset ‘ Evocative phenotypes
Dominant intermediate CMT
10g24.1-
DI-CMTA g25.1 7 to 72 years Classic CMT
DI-CMTB Classic CMT with neutropenia and early onset
(CMT2M) DNM2 1st-2nd decade | cataract
DI-CMTC YARS 7-59 years Classic CMT
DI-CMTD MPZ 30-50 years Sensory loss and weakness. Deafneisfisopders
DI-CMTE INF2 5 to 28 years Glomerulosclerosis and proteinuria
DI-CMTF GNB4 5 to 45 years Classic CMT
Autosomal recessive CMT1 AR-CMT1 (CMT4)
Severe and progressive. Vocal cord and diaphragm
AR-CMT1A | GDAP1 < 2 years paralysis in some cases
AR-
CMT1B1 MTMR2 3 years Severe CMTL1. Facial/bulbar weakness. Zislio
AR- MTMR13
CMT1B2 (SBF2) 4-13 years Severe CMTL1. Glaucoma. Kyphoscoliosis
AR- MTMR5
CMT1B3 (SBF1) 5-11 years Pes planus. Scoliosis
Early onset 1st+
AR-CMT1C | SH3TC2 2nd decade Severe to moderate CMT1. Scoliosis.neesf
AR-CMT1D | NDRG1 < 10 years Severe CMT1. Deafness. Tongue atrophy
Congenital hypotonia. Respiratory  failune.
AR-CMT1E | EGR2 Birth Arthrogryposis
Birth to first
AR-CMT1F | PRX decade CMT1. Prominent sensory involvement
AR-CMT1G
(HMSN-
Russe) HK1 8-16 years Severe to moderate CMT1
AR-CMT1H | FGDA4 < 2 years Delayed milestones. Scoliosis. Severeseou
Congenital,
childhood or
AR-CMT1J | FIG4 adult Severe disorder. Similarities to motor neulmease
Severe. Associated to cerebellar ataxia, brain MRI
AR-CMT1 SURF1 Childhood abnormalities and lactic acidosis
Autosomal recessive CMT2 AR-CMT2 (CMT2)
AR-CMT2A
(CMT2B1) LMNA 2nd decade Severe course. Distal and proximal vesskn
AR-CMT2B
(CMT2B2) MED25 28 to 42 years Classic CMT2
AR-CMT2C
(CMT2B5) NEFL 1st decade Severe form
AR-CMT2F/ | HSPB1 Variable Sometimes proximal leg weakness
AR-CMT2H | GDAP1 1st decade Pyramidal involvement. Vocal cord ingatent
AR-CMT2K Early-onset Severe form. Vocal cord paralysis. Skelgtal
(rarely AD) | GDAP1 form deformities. Milder dominant form
AR-CMT2P | LRSAM1 3rd-4th decade| Cramps. Erectile dysfunction
(HMSN VI) | MFN2 Early onset Optic atrophy
ARAN-NM HINT1 1st decade Neuromyotonia
Severe axonal neuropathy with early onset QNS
GAN GAN Childhood involvement. Milder form CMT-like
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Table Al. Classification of HMSN or Charcot—Marie—Tooth (CMT) diseases.Abbreviations: DEL,
deletion; DUP, duplication; AARS, alanyl-tRNAsynthse; AD, autosomal dominant; AIFM1,
apoptosis-inducing factor mitochondrion-associated AR, autosomal recessive; CHN, congenital
hypomyelinating neuropathy; CNS, central nervousstesy; DHTKD1, dehydrogenase E1 and
transketolase domain-containing 1; DI, dominan¢rimediate; DNM2, dynamin 2; DSS, DejerineSottas
Syndrome; DYNC1H1, dynein cytoplasmic 1 heavy chRirEGR2, early growth response 2; FBLNS5,
fibulin 5; FGD4, actin filament-binding protein fym; FIG4, FIG4homolog SACL1 lipid phosphatase
domain containing; GAN, Giant axonal neuropathyBGJgap-junction proteirp-1; GARS, glycyl-
tRNAsynthetase; GDAP1, ganglioside-induced difféision-associated protein 1; HARS, histidyl-
tRNAsynthetase; HK1, hexokinase 1; dHMN, distal eddiary motor neuropathy; HMSN,
hereditarymotor and sensory neuropathy; HNPP, ktargcheuropathy with liability to pressure palsies
HSPB1, heat shock protein B1; HSPB8, heat shockejprdB8; LITAF, lipopolysaccharide-induced
tumor necrosis factor; LMNA, lamin A/C; LRSAM1, leime-rich repeats and sterile alpha motif-
containing 1; MARS, methionyl-tRNAsynthetase; MED2Beditor complex subunit 25; INF2, inverted
formin 2; MFEN2, mitofusin 2; MPZ, myelin proteinmge MT-ATP6, ATP6 subunit of the mitochondrial
ATP synthase; MTMR2, myotubularin-related protein MTMR5, myotubularin-related protein 5;
MTMR13, myotubularin-related protein 13; NDRG1, Nxndownstream-regulated gene 1 protein;
NEFL, neurofilament light chain; PDK3, pyruvate gidlogenase kinase isoenzyme 3; PMP22,
peripheralmyelin protein 22; PRPS1, phosphoribpgybphosphate synthetase 1; PRX, periaxin; RAB7,
RAS-associated protein RAB7; SBF1, SET bindingdadt SBF2, SET binding factor 2; SH3TC2, SH3
domain and tetratricopeptides repeats 2; SURF1felsur; TFG, TRK-fused gene; TRPV4, transient
receptor potential cation channel subfamily V membeYARS, tyrosyltRNAsynthetase (Tazir et al.
2014).
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DB-ID DNA Change Type Location | Exon |Affected Protein change Reference
GDAP1_00001 |c.27_28del Deletion Exon 1 |Non-specific |p.(Glyl0Glufs*15) [Crimella et al. (2010)
GDAP1_00009 |c.92G>A Substitution |Exon 1 |GST-N p.(Trp31%) Baxter et al. (2002)
GDAP1_00003 |c.101C>G Substitution |Exon 1 |GST-N p.(Ser34Cys) Crimella et al. (2010)
GDAP1_00047 |c.102C>G Substitution |Exon 1 |GST-N p.(=) Sahin-Calapoglu et al. (2009)
GDAP1_00049 |c.172_173delinsTTA |Ins/Del Exon 2 |GST-N p.(Pro59Alafs*4) Sevilla et al. (2008)
GDAP1_00010 |c.174_176delinsTGTG |Ins/Del Exon 2 |GST-N p.(Pro59Valfs*4) Auer-Grumbach et al. (2008)
GDAP1_00027 |c.233C>T Substitution |Exon 2 |GST-N p.(Pro78Leu) Bouhouche et al. (2007b)
GDAP1_00011 |c.295C>T Substitution |Exon 2 |GST-N p.(GIn99%) Moroni et al. (2009)
GDAP1_00035 |c.311-1G>A Substitution |Intron 2 |- p.? Kabzinska et al. (2005)
GDAP1_00053 |c.332C>A Substitution |Exon 3 |GST-N p.(Prol111His) Chung et al. (2011)
GDAP1_00012 |c.341_344del Deletion Exon 3 |GST-N p.(Glul14Alafs*32) |Claramunt et al. (2005)
GDAP1_00028 |c.347T>C Substitution |Exon 3 |GST-N p.(Met116Thr) Kabzinska et al. (2006a)
GDAP1_00029 |c.347T>G Substitution |Exon 3 |GST-N p.(Met116Arg) Di Maria et al. (2004)
GDAP1_00015 |c.349dup Duplication |Exon 3 |GST-N p.(Tyr117Leufs*13) |Senderek et al. (2003)
GDAP1_00004 |c.358C>T Substitution |Exon 3 |Non-specific |p.(Arg120Trp) Claramunt et al. (2005)
GDAP1_00031 |c.359G>A Substitution |Exon 3 |Non-specific |p.(Arg120GiIn) Boerkoel et al. (2003)
GDAP1_00032 |c.364C>A Substitution |Exon 3 |Non-specific |p.(GIn122Lys) Moroni et al. (2009)
GDAP1_00055 |c.368A>G Substitution |Exon 3 |Non-specific |p.(His123Arg) Zimon et al. (2011)
GDAP1_00017 |c.373C>T Substitution |Exon 3 |Non-specific |p.(Argl25%*) Fusco et al. (2011)
GDAP1_00034 |c.389C>G Substitution |Exon 3 |GST-N p.(Ser130Cys) Kabzinska et al. (2005)
GDAP1_00018 |c.439del Deletion Exon 3 |Non-specific |p.(Thrl47Leufs*5) |Georgiou et al. (2006)
GDAP1_00036 |c.445G>T Substitution |Exon 3 |Non-specific |p.(Asp149Tyr) Parman et al. (2004)
GDAP1_00037 |c.458C>T Substitution |Exon 3 |ada5 loop p.(Pro153Leu) Kabzinska et al. (2007)
GDAP1_00056 |c.467C>G Substitution |Exon 3 |ada5 loop p.(Alal56Gly) Zimon et al. (2011)
GDAP1_00005 |c.469A>C Substitution |Exon 3 |ada5 loop p.(Thr157Pro) Claramunt et al. (2005)
GDAP1_00038 |c.482G>A Substitution |Exon 3 |ada5 loop p.(Argl61His) Baxter et al. (2002)
GDAP1_00019 |c.485-2A>G Substitution |Intron 3 |ada5 loop p.? De Sandre-Giovannoli et al. (2
GDAP1_00013 |c.487C>T Substitution |Exon 4 |a4as loop p.(GIn163*) Claramunt et al. (2005)
GDAP1_00020 |c.507T>C Substitution |Exon 4 |a4as loop p.(=) Boerkoel et al. (2003)
GDAP1_00016 |c.507T>G Substitution |Exon 4 |o4as loop p.(=) Senderek et al. (2003)
GDAP1_00051 |c.533A>G Substitution |Exon 4 |a4as loop p.(Asn178Ser) Zhang et al. (2004)
GDAP1_00023 |c.558del Deletion Exon 4 |o4as loop p.(lle186Metfs*20) |Stojkovic et al. (2004)
GDAP1_00044 |c.571C>T Substitution |Exon 4  |o4as loop p.(Arg191%*) Barankova et al. (2007)
GDAP1_00050 |c.579+1G>A Substitution |Intron 4  |adas loop p.? Senderek et al. (2003)
GDAP1_00021 |c.581C>G Substitution |Exon 5 |ada5 loop p.(Ser194%*) Cuesta et al. (2002) Sevilla et
GDAP1_00006 |c.652C>G Substitution |Exon 5 |GST-C p.(GIn218Glu) Chung et al. (2008)
GDAP1_00039 |c.656T>A Substitution |Exon 5 |GST-C p.(Val219Asp) Moroni et al. (2009)
GDAP1_00054 |c.656T>G Substitution |Exon 5 |GST-C p.(Val219Gly) Chung et al. (2011)
GDAP1_00059 |c.664G>A Substitution |Exon 5 |GST-C p.(Glu222Lys) Kabzinska et al. (2014)
GDAP1_00025 |c.668T>A Substitution |Exon 5 |GST-C p.(Leu223*) De Sandre-Giovannoli et al. (2
GDAP1_00007 |c.678A>T Substitution |Exon 5 |GST-C p.(Arg226Ser) Crimella et al. (2010)
GDAP1_00040 |c.679A>G Substitution |Exon 5 |GST-C p.(Asn227Asp) Kabzinska et al. (2010)
GDAP1_00041 |c.692C>T Substitution |Exon 5 |GST-C p.(Pro231Leu) Xin et al. (2008)
GDAP1_00046 |c.694+24C>T Substitution |Intron 5 |- p.(=) Sahin-Calapoglu et al. (2009)
GDAP1_00014 |c.715C>T Substitution |Exon 6 |GST-C p.(Leu239Phe) Ammar et al. (2003)
GDAP1_00008 |c.719G>A Substitution |Exon 6 |GST-C p.(Cys240Tyr) Cassereau et al. (2009)
GDAP1_00052 |c.767A>G Substitution |Exon 6 |GST-C p.(His256Arg) Zhang et al. (2004)
GDAP1_00026 |c.786del Deletion Exon 6 |GST-C p.(Phe263Leufs*22)|Nelis et al. (2002)
GDAP1_00002 |c.805G>A Substitution |Exon 6 |GST-C p.(Gly269Arg) Crimella et al. (2010)
GDAP1_00030 |c.811G>A Substitution |Exon 6 |GST-C p.(Gly271Arg) Ammar et al. (2003)
GDAP1_00042 |c.817C>G Substitution |Exon 6 |GST-C p.(Arg273Gly) Kabzinska et al. (2010)
GDAP1_00057 |c.821C>T Substitution |Exon 6 |GST-C p.(Pro274Leu) Zimon et al. (2011)
GDAP1_00045 |c.836A>G Substitution |Exon 6 |GST-C p.(Tyr279Cys) Sahin-Calapoglu et al. (2009)
GDAP1_00043 |c.844C>T Substitution |Exon 6 |GST-C p.(Arg282Cys) Kabzinska et al. (2010)
GDAP1_00058 |c.845G>A Substitution |Exon 6 |GST-C p.(Arg282His) Lin etal. (2011)
GDAP1_00022 |c.862dup Duplication |Exon 6 |Non-specific |p.(Thr288Asnfs*3) |Cuesta et al. (2002)Sevilla et a
GDAP1_00033 |c.891C>G Substitution |Exon 6 |HD p.(Asn297Lys) Moroni et al. (2009)
GDAP1_00024 |c.929G>A Substitution |Exon 6 |Non-specific |p.(Arg310GIn) Azzedine et al. (2003)
GDAP1_00048 |c.980G>A Substitution |Exon 6 |TMD p.(Gly327Asp) Kabzinska et al. (2011)

Table A2. Gdapl genetic variants.Cassereau database. Sequence variations are ddsbabically as
recommended by the Ad-Hoc Committee for Mutationnidaclature (AHCMN), with the recently

suggested additions (den Dunnen JT and Antona&kif2000], Hum.Mut. 15:7-12); for a summary see

GDAP1 DB-ID: Database ldentifier. DNA change: Véoa at DNA-level (cDNA). Type: Type of

variant at DNA level. Location: Variant location@GNA level. Exon: Exon numbering. Affected domain:
Affected domain of the protein. RNA change: Vanatiat RNA-level, (?) unknown but probably
identical to DNA. Protein: Variation at protein Ey Reference: Reference describing the variation.

(Cassereu database:LOVD v.2.0 Build 36©2004-201ddreUniversity Medical Center )
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606598: GANGLIOSIDE-INDUCED DIFFERENTIATION-ASSOCIA TED PROTEIN 1; GDAP1

Name Condition(s) Clinical significance (Last reviewed)
GDAP1, IVS4DS, G-A, +1 CMTRIA Pathogenic(Mar 1, 2003)
GDAP1, 1-BP INS, 349T CMTRIA Pathogenic(Mar 1, 2003)

GDAP1, 1-BP INS, 863A

AR-CMT2 +cvp

Pathogenic(Jan 1, 2002)

GDAP1:c.92G>A (p.Trp31Ter)

CMTA4A

Pathogenic(Jan 1, 2002)

GDAP1:c.169A>C (p.Ser57Arg) | CMT4A Uncertain significance(May 22, 2015)
GDAP1:¢.347T>G
(p.Met116Arg) CMTA4A Pathogenic(Sep 13, 2012)

GDAP1:c.358C>T (p.Argl120Trp)

CMT2K; CMT4A

Pathogenic(Jun 6, 2015)

GDAP1:c.368A>G

(p.His123Arg) CMT2K Pathogenic(Aug 9, 2011)
GDAP1:c.372C>G (p.Tyr124Ter) | not provided Likely pathogenic
GDAP1:c.373C>T (p.Argl25Ter) | CMT4A Pathogenic(May 27, 2014)

GDAP1:c.431C>T
(p.Prol44leu)

not provided

Likely pathogenic

GDAP1:c.467C>G (p.Alal56Gly) | CMT2K Pathogenic(Aug 9, 2011)
GDAP1:c.469A>C
(p.Thr157Pro) CMT2K Pathogenic(Apr 1, 2005)
GDAP1:¢c.482G>A
(p.Argl61His) CMT4A Pathogenic(Jan 1, 2002)

GDAP1:c.487C>T (p.GIn163Ter)

AR-CMT2 +cvp

Pathogenic(Sep 13, 2012)

GDAP1:c.556A>G (p.lle186Val)

CMT4A

Uncertain significance(Apr 4, 2015)

CMT2K; AR-CMT2

GDAP1:c.581C>G (p.Ser194Ter) | +cvp;CMT4A Pathogenic(Apr 1, 2003)
GDAP1:c.652C>G
(p.GIN218Glu) CMT2K Pathogenic(Jan 1, 2008)
GDAP1:c.678A>T (p.Arg226Ser) | CMT2K Pathogenic(Oct 1, 2010)
GDAP1:¢c.692C>T
(p.Pro231Leu) CMT2K Pathogenic(Sep 1, 2008)

GDAP1:c.715C>T
(p.Leu239Phe)

CMT2K; CMT4A;
CMTRIA

Pathogenic(Feb 28, 2013)

GDAP1:c.719G>A

(p.Cys240Tyr) CMT2K Pathogenic(Apr 1, 2009)
GDAP1:c.821C>T

(p.Pro274Leu) CMT2K Pathogenic(Aug 9, 2011)
GDAP1:c.844C>T (p.Arg282Cys) | CMTRIA Pathogenic(Dec 24, 2002)
GDAP1:c.980G>A

(p.Gly327Asp) CMTRIA Pathogenic(May 1, 2011)

Table A3. Some Gdapl pathogenic variants and related CMT diseasescvp: vocal cord
paresis(OMIM and Online Mendelian Inheritance in Ma@are registered trademarks of the Johns
Hopkins University. Copyriglit1966-2015 Johns Hopkins University)
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